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ABSTRACT 
The present sedimentary environment of Devils Lake, a 
closed'brackish lake in northeastern North Dakota, was inves-
tigated, and changes in the Holocene lacustrine environment 
are interpreted. Sediment samples from Main Bay of Devils 
Lake •,.rere analyzed for their physical, chemical and mineral-
ogical properties. Analytical dat,a on surface sedimer.t were 
used to delineate the present sedimentary environment, while 
data on sediment from three cores were used to reconstruct 
the Holocene lacustrine history. 
The dominant physical processes affecting the surface 
sediment are wave action and inter.nittent sediment influx 
through Big Coulee. The dominant chemict1l process, precip-
itation of calcium carbonate, is a result of high super-
saturation of lake water during periods of active phyto-_ 
plankton photosynthesis. High-magnesian calcite and aragon-
ite are precipitated. directly from the lake wateri they 
account for 60 percent of the carbonate material deposited 
in Devils Lake. Biologic productivity in Devils Lake is the 
main source of organic matter deposited annually to the 
sediment. Calculations indicate that at least 50 percent 
of this organic matter is regenerated to the aquatic 
environment by oxidation and anaerobic decay. 
xxi 
Factor an.alysis of analytical data from sediment cores 
showed that calcium and carbonate are intimately associated 
in various carbonate minerals, while only 50 parcent of the 
magnesium originates in these minerals. The excess magnesium 
originates partly in clay minerals and partly in orga.rlic 
matter. Most of the iron originates in clay m.i.nerals. Depo-
sitlonal rates of major sediment components in Devils Lake 
have generally decreased with increasing age of the lake. 
Approximately half of the recently deposited h:i.gh-
magnesian calcite is alt9red to low-magnesian calcite in less 
than 200 years time. This solution alteration of hlgh-
magn.aslan calcite rB.sul ts in ari incrc~ase in the magnesium-
calcium ratio of interstitial water that reacts with calcite 
or arago:iite to form dol:>mite. 
1'he relative c,bundance of diatom frustules, the pres-
ence of gypsiferous spheres, the interst:ttial sulfate content, 
the sedimentary calcium-iron ratio, the high-:~mgnesian calcite-
calcite ratio, and the occurrence of peat and org, . mic silt 
layers interstratified with beach sands are the mcst sign-
ificar,t parameters for reconstructing the Holocene sediment-
ary history of Devils Lake. 
The lake level has fluctuated considerably during the 
past 6000 years in response to shifting climatic and hydro-
logic conditions,. The la.J<e was dry during the latter part 
of the Hypsi thermal interval. 'rhe level rose and declined 
several tim.es between 6000 and 2500 years ago. A peat. was 
formed in Creel Bay around 1340 years ago. Several 
xxii 
subsequent minor fluct1.1ations in lak:e level culminated in a 
saline, low-water stage at 500 years before present when 
oak trees grew on the dry surface sediment of East stump 
Lake. The level subsequently rose until 1800 A.D., de~lined 
to a low-",,;ater stage in 1940 A.. D., and has been ristng inter-
mittently from that time to the pn;sent. Salinity data 
indicate that the lake was fresh approximately i50 years ago. 
Comparison of the Devils Lake chronology with those from 
other regions indicates that major climatic changes which 
.. 
caused significant fluctu?.tions in the lake level may ha:ve 
extended beyond the northern Great Plains region. 
xxiii 
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INTR0DUCT10N 
The ma.in reason for initi.:i.ting a sedimentological 
study cf Devils Lake is the writer's keen interest in 
present lacustrine envjronments and his belief that 
physical and chemical analyses of sediments and sediment-
ary rocks can yield significant information which ca.n be 
used to reconstruct the sedimentary history of a paFtic;.ilar 
sequence of strata. 
In order to make such paleoenvironmental reconstructicn, 
the geologist must be thoroughly familiar with present 
sedimentary environments. It is for this purpose tha.t 
writer has spent considerable time and effort investigating 
the present sedimentary environment of Devils Lake. It is 
hoped that a quantitative description of this lacustrine 
environm:;mt can be used in conjunction with analytical core 
data to reconstruct the sedimentar-1.1 history of Devils Lake 
during the last €000 years. Therefore, the scope of this 
investigation is somewhat limited and detai.led in order to 
rnake the environmental description and reconstruction more 
meaningful. Knowledge of stratigraphic relations is re-
quisite to meaningful environmental reconstruction. Three 
sediment cores from Main Bay of Devils Lake established that 
stratigraphic rel3tionc; in the cediment column were internal-
ly consistent. 
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The basic objective of this investigation is the 
quantitative description of the present sedimentary 
environment and the reconstruction of the past environ-
ment of Devils Lake using sediment analytical data. 
Specific objectives of this report are: 
(1) to determine the general limnological nature 
of the present lacustrine environment~ 
(2) to determine the major depositional processes 
which control the composition and distribution of surface 
sediments: 
(3) to evaluate major diagenetic processes in the 
sediments and their influence upon sediment composition, and 
(4) to int~rpret the Holocene history of Devils 
Lake through a physical and chemical analysis of sediment 
cores. 
Methods of Investigation 
The writer, in conjunction with tv!O biologists, 
conducted a general limnological survey of Devils Lake 
duri.ng 1965 ar1d 1966. All of the writer's detailed field 
work was done d1.1ring the summer and fall of 1965. This 
included the bathymetric survey of the lake, detailed 
analysis of water chemistry, collection of surface sediment 
samples, the sampling and description of sediments exposed 
in the Creel Bay grav0l pit, and the taking of sediment 
cores from the dry portion of Devils Lake. Reconnaissance 
mapping of surficial deposits within two to three miles of 
Devils Lake.wo.s accomplished in several weeks during the 
3 
1964 and 1965 field seasons. 
Monthly collection of water samples, and water-sediment 
interface samples was done by the writer and Richard 
Armstrong during 1965 and by David Anderso:1 during 1966. 
The three cores from Main Bay of Devils Lake were taken 
in February and March 1966 with the aid of Richard 
Armstrong, David Anderson, and Mark Erickson. 
Labo:,:-atory analyses of wic1ter and sediment samples were 
conducted initially in a lakeside laboratory and more 
extensively in the Department of.Geology at the University 
of North Dakota. Laboratory procedures used in this 
investigation a:i:e described in Appendix I. 
Previous Studies 
Nicollet 1 s ( 1843) description of 11 .M.inne,·mkan II or 
Devils Lake appears to be the first published account (and 
map) of the Devils Lake region. Upham (1895) published 
the first geological description of the Devils LaJ~e x:egion 
and was also first to provide information on the elevation 
cf several strand lines around Devils Lake and to discuss 
higher lake levels. Babcock (1903) discussed the glacial 
geology and water resources of the Devils Lake region. 
His report included information regarding the salinity of 
Devils Lake and fluctuations in lake level. Simpson (1912) 
report~d on the physiography of the Devils-stump Lake region: 
his general work on the geology of North Dakota (1929) 
sumntarized the geology of the Devils Lake region. A.ronow and 
others (1953) described the geology and ground-water 
4 
resources of the Minnewaukan s.rea in Benson County and gs.ve 
·the results cf strand-:-line levelling around west Bay of 
Devils Lake. Aronow (1957, 1959, 1963) discussed in detail 
the late Pleistocene glacial drainage and postglacial 
history of the Devils Lake region. 
Abbott and Voedisch (1938) listed chemical analyses 
of ground-water samples and Paulson and Akin (1964) dis-
cussed the ground--water resources of the Devils Lake area. 
Pope (1909) conducted the earliest investigation ?f 
C 
physical and chemical properties of Devils Lake. Nehrus 
(1920) studied the solubility relations of salts in Devils 
Lake wat.er. Young C 1924) condt:.cted a detc.iled limnological 
survey of the lake from 1911 to 1923. Metcalf (1931) stud-
ied the lake briefly during a limnological survey of North 
Dal~ota lakes. s·wenson and Colby C 1955) studied the chemistry 
of Devils Lake and other large lakes in the Devils Lake 
drainage basin from 1948 to 1952. Their report contains 
valuable infm·::nation on the hydrology of Devils Lake and its 
relation to the climate of the area. 
Preliminary results of the present cooperative inves-
tigation (between t:he Departments of Biology and Geology 
at the University of North Dakota) of Devils Lake have been 
published during the past two years. Callender and 
Armstrong (1966) reported on the precipitation of carbonte 
minerals. i~ Devils Lake: 1'.:tmstrong, Anderson~ and Callender 
(1966) discussed primary productivity measurements made at 
Devils ·La'K.e d1ur1·ng 10,~5., ana~.Anderson d ~ ~ c~g~~, 
- '"' . an ..-..rms ... r.ong "" oo, 
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discussed zooplankton-phytoplankton relationships in Devils 
Lake. 
The sources for the data on the chemistry of Devils 
Lake and Mauvais Coulee, renamed Big Coulee by the United 
., 
states Geological Survey (Hendricks, 1964, p. 47), are 
various water-Supply Papers and annual reports of the 
united states Geological survey. The weather data were 
obtained from annual climatic sum..'1taries published by the 
United States weather Bureau.·· 
Other sedimentological studies of closed saline lakes 
include those of P.rnal ( 1961) on the Sal ton Sea, Eardley 
(1938) on Great Salt Lake, ahd,Hutchinson (1937, 1943) on 
lakes in the Lahontan Basin anQ Indian Tibet. 
Significant geochemical studies of lacustrine 
sediments include the works of Hutchinson and Wollack (1940) 
on Linsley Pond in Connecticut: Juday, Birge, and Meloche 
(1941) on several Wisconsin lakes: Murray (1956) on Lake 
Mendota in Wisconsin: Swain (1956) on several Minnesota 
lakes: Cowgill arid Hutchinson ( 19G3) on a seasonal swam1) 
in Guatemale: Gorham and Swaine (1965) on two lakes in the 
English Lake District1 and Cowgill and Hutchinson (1966) on 
a small lake in northern Guatemala. 
GENER~.L GEOLOGY OF THE DEVILS LAI~.E REGION 
Location and Physiography 
Devils Lake is located in northeastern North Dakota 
(48o N lat, 99° w long). The lake is part of a chain of 
waterv1ays situated in the Devils Lake drainage basin which 
has an approximate area of 10,000 sq km (3,900 sq miles). 
During the late 1800's, Devils Lake had an area of approxi-
mately 207 sq km (80 sq miles), put it has steadily declined 
and presently occupies an area of only 48 sq km (18.5 3q 
miles). 
'l'he Devils Lake i~egion is located in that pa.rt of 
the Central Interior Lowland. physiographic province of· 
Fenneman.(1938, 559-588) known as the Drift Prairie 
(Simpson, 1929, p. 7-10). Main Bay of Devils Lake, on which 
the present investigation is concentrated, lies in the Glacial 
Devils Lake Plain. 
Surficial Deposits in the Devils Lake Region 
Surficial deposits consist predominantly of glacial 
drift and minor amounts of Pierre Shale and postglaciaJ. 
lacustrine sediment. 
Pierre Shale of late Cretaceous age crops out on 
Sulleys Hil 1 and in the trench of the Sheyenne River. 'l'he 
Pierre Shale which crops out on Sulleys Hill is assigned 
6 
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to the Odanah Member (Upper Campanian) and correlates with 
the verendrye Member in east-central south Dakota (Gill and 
Cobban, 1965, p. 4). The Cdanah Me:nber consists predomin-
antly of gray, hard siliceous shale. 
The surficial glacial drift in the Devils Lake reg.ton 
contains considerable amounts of Pierre Shale which was 
incorporated into the basal,. englacial, and superglacial 
drfit as the ice advanced over the area. To the writer's 
knowledge, Pierre Shale underlies all the drift in the 
Devils Lake area (Simpson, 1929, p. 38). 
Glacial drift of late Pleistocene age mantles nearly 
the entire Devils Lake region. Lemke (1960, p. 111-116) 
believes that the drift was deposited during t.hE:: Mankato 
subage of the Wisconsin age of the Pleistocene. 
The glacial till is composed predominantly of grounc1.-
up Pierre Shale and Paleozoic limestone which crop out to 
the north i:1 Manitoba. 'I·he outwash is co.-nposed of either 
nearly pure Pierre Shale fragments or mixed shale, lime-
stone, and 'grani te-derived 11 fraq.nents. The thic}mess cf 
the drift ranges between 3 and 120 m (10 to 400 ft) bnt 
is commonly 30 to 60 m (100 to 200 ft} thick throughout 
most of the area (Paulson and Akin, 1964). 
Postglacial deposits are lacustrine silts, clays, 
sands, and gravels deposited in the middle and along the 
margin of the Devils-Stump Lake complex. 
I 
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Glacial Geology of the Devils Lake Region 
Fic-ure 1 is a geologic r.i.ap of the Devils La.ke region 
., 
modifi0c~ after that of Aronow (1963, p. 861) and Paulson 
and Akin (1964, p. 15) by the writer's own field observa-
t · l"S 'l'he main qlacial landforms are the North Vikirlg, ' 10 A •· -
Heimdal, and sweetwa ter enc morc1 ines, the ground mora.ine 
behind these end moraines, and the outwash deposits distal 
to the end moraines. 
The North Vikin9 and Heimdal moraines are well defin-
ed end moraines characterized by 11 1<:nob and Kettle" top(.)g-
raphy. 'rhese moraines represent significant still stands 
of the ice mar.gin and are believed to be recessional 
moraines of the late Mankato Leeds lobe in eastern North 
Dakota (Aronov.1, 1963 1 p. 863 ). The Sweetwater moraine is 
a poorly developed end moraine which eit.h,~r represents a 
minor still stand of the ice or the remnant of a better 
developed moraine that was overridden d1..u:ing a subsequent 
advance of the ice (1\ronow and others, 1953 1 p. 34). 
The ground mora.ine in the Devi.ls rake area exhibits 
a gently rolling topography which is mar:l<:ed by a series cf 
linear and subparallel ridges seen plainly on aeria.l 
photagrap'hs but rc1.ther inco,1spicuous on the ground. These 
"washboard moraines 11 st::::-ike generally northwest and occur 
most abundantly in the ground moraine immediately no.!'th of 
Devils Lake and west of Mirmewauk,m.. These 11.,,,,ashl:oard 
morai::.es 11 were probably deposited subglacially at the batse 
of thrust planes j_n the ice (Elso11, 1957, p. 1721). 
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There are several large bodies of outwash distal t'.::> 
the end_ moraines ( Jngure 1). Tokio outwash was probably 
deposited when the ice front occupied the position of the 
Heimdal moraine (J; .. ronow, 1963, p. 863). The other outwash 
deposits are associated with the North Viking moraine ana 
were deposited later ~,hen the ice front was at this 
position (Figure 1). 
There are several large glacial spillways or mel~-
water channels (Figure 1) traversing the area between the 
North Vildng end moraine a:id the Sheyenne River.. 'rhey a:i.l 
cut into the moraine or outwash deposits south of the 
moraine. Their age is interpreted by Aronow (1963, p. 863) 
to be younger than the outwash and j_n scme cases, younger 
than the North Viking moraine. several of. them must have 
carried very large volumes of meltwater to the Sheyenne 
River trench. 
Quaternary G•2ologic History of the Devils Lake Region 
The Quaternary geologic history of the Devils Lake 
area is surrmarizec. below. Much of the interpretati.o:-; comes 
from the work of Aronow ( 1957 and 1963). Many of Aronow• s 
interpretations are reinforced by the writer's field 
observation in th~ vicinity of Devils Lake. In several 
instances the writer has added his <Y;:r;:i interpretation 
which he believes clarifies those of Aronow. Detailed 
discussio!:1 of the postglacial history of Devils Lalce ;,1iJ.l 
be left to the final chapter of this report which represe:i.ts 
the writer_• s interpretation of a postglacial chronology for 
11 
the -uevils La}ce region • . 
( 1) During an early glaci2.l advance in north-central 
North Dakota, the combined drainage of the ancestral Knife 
and cannonball Rivers was blocked by ice and diverted 
through the Devils Lal~e diversion channel (Kelly and 
Buturla, 1967, Figure J-1, Stage I, p. 119). This 
diversion trench underlies the Devils Lake-Stump LaJ{e 
chain of lakes and has an average width exceeding· 2 miles 
and a depth in excess of 250 feet (Paulson and Akin, 1964, 
Figure 9). 
(2) In late Mankato time, the ice in central !:Iorth 
Dakota retreated to the position of the Heimdal mora:Lne 
which is believed to be a recessional moraine of the Leeds 
lobe (Aronow, 1963, p. 863 ). Heimdal and possLbly To~<io 
outwash were deposited from mel twat.er strea;ns draining the 
ice front at this position. 
(3) The Leeds lobe then retreated, and subsequently 
readvanced to, or remained at the position of the North 
Viking morai~e. Seven Mile splllway (adjacent to Main Bay, 
seeFigure 1) probably formed initially during retrent of 
the ice front from the Heimdal moraine. This conclusion 
is supportE"!d 1::y the presence of relatively large-sccile 
outwash deposits-along the west side of Six Mile Bay and 
Creel Ea.y. Vertical cutr, j n grave] pi ts dug in these two 
a.reas show these out.wash deposits are overlain by several 
feet of till. Logs of test holes drilled in the area 
between Six Mi.le !lay and Creel Bay (Paulson and 4l'.!.kin, 1964) 
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indicate that these outwash deposits extend under the till 
which ranges in thickness between 25 and· 40 feet. ;c?ell data 
of Paulson and A.~in (1964, see Figure 11 and Table 1) 
scggest that the ice margin could have retreated at least 
as fa:r; as the north€rn edge of Sweetwater Lake (see Figure 
1), as till is underlain by a relatively continuous 
stratum of sand and gravel to this point (Paulson and 1'..kin, 
1964, Figure 11). The most northern test hole drilled in 
this area encountered only till to a depth of 100 feet, where 
it penetrated Pierre Shale bedrock (Paulson ana .Akin, 1954, 
Figure 11). 
The ice front then readvanced to the position of 
the North Vi.king moraine. Deposition of C\beron, Warwic:-c, 
and Pekin outwas'h occurred pr:-oximal to the ice t'ront. 
(4) Long Lake, Crow Hill, Seven z,1lile, Warwick, 
Big Stony, Osage, and Harrisburg spilh·1ays and spill·wa.y 
complexes formed during retreat of the ice margin from the 
North Viking moraine. Although Seven .Mile spillway may 
have _initially formed during· retreat of the ice margin 
from the Heimdal moraine, it was occupied once more by 
meltwater during retreat of the North Viking ice margin. 
Examina.tion of the :Port Totten 7~ 11 Quadrangle top<..1graphi.::! 
map shov..1s that there is not a distinctly clear route of 
the spilh;ay tlu·ough the ::Torth Viking moraine while most 
of the other spillways exhibit distinct valleys extending 
through the moraine. Thus it is possible that ice covered 
. the former channel of sev~n Hile spilhvay in the vicinity 
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of tho North Viking moraine and that me1 tv:ater modifieci 
the morai~al topography which may have been somewhat lovJer 
than the surrounding terrain as a result of its position in 
the valley. 
(5) ;··Jater draining proglad.al Devils L2J,e eroded 
ground moraine and cut a shoreline scarp south of East 
Devj_ls Lake and Stump LaJ<:e (Figure 1). 
(6) The trench of the Sheyenne River was cut by 
drainage from Glacial Lake Souris. ~'7ater continued to flow 
to the valley of the Sheyenne via Warwick arid Big Stony 
spillways (Arono,1!1 1963; Figure 5) after the ice margin 
retreated from the Devils Lake area. 
(7) Devils-stump Lake was desiccated durlng the 
postglacial Thermal maximu:n (Hypsithermal interval) which 
occurred approximately 7000 to 2500 years ago (DeGvey, 
1953, p. 279). 
(8) Lake levels rose during the so-called "Little 
Ice Age" (Aronow, 1957, p. 425). This pe1~iod corresponds 
to the early Neoglaciation of Porter and Denton (1967, 
p. 201-205) which dates f?:"om 3000 to 2400 years before 
present. During this period of rising lake level, sand 
and gravel deposits containing buried soils were fonned 
along the southern margin of Main Bay of Devils Lake. 
(9) The lake level subsequently declined and bur 
oak trees grew on the dry floor of S·tu;up Lake. Th:i.s decline 
in lake level is associated with a dry period in western 
North Arnerica which occurred duri~g the 15th and 16th 
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centuries (Eroo:-<S, 1951). This period began in North 
Dakota about 1300 l},.. D. and ended about 1535 A. D. (Aronow, 
J.957, p. 425). 
(10) The lake level subsequently rose and suhnerged 
trees in Stump Lake. This rise in lake level may be 
related to a wetter period in Europe lasting from 1440 to 
1850 A. D. (Aronow, 1957, p .. 455), and probably corresponds 
to the late :~eoglaciaticn of Port.er and Dent.on ( 1967, 
p. 201-205), which dates from around 1400 to 1850 A. D. 
(11) The levels of Devils Lake and Stump Lake have 
declined since 1850. Lcng~ter.n climatic trends point to 
decreasing precipitation and increasing annual temperatures 
for the l•Iissouri River B=lsL1 (Aronow, 1957, p. 42 5). 
HYDROLOGY OF DEVILS LAKE 
Climate of the Devils Lalce Region 
The climate of the Devils Lake area is classified as 
dry subhumic. • .Mean annual temperature ranges between 2° 
and s0 c (36° and 42°F) while maximum temperatures are above 
390c (lOOOF) and minimum temperatures below -35°c (-30°F). 
Most of the precipitation, ·which averag·es 43 cm ( 17 inches) 
per year, occurs during the growing season from April t.o 
September. Nearly 50% of the precipitation falls du.ring 
May, June, and J"uly (Swenson a.,d Colby, 1955, p. 5). 
Average snowfall is about 76 cm {30 inches) per year. 
The prevailing wind is from the northwest during all 
months of the year. However, southerly winds do occur 
frequently in the summer. The average annual wind velocity 
is about 16 kms/h (10 mph) although it can vary between 0 
and 80 kms/h (0 and 50 mph) cx•.ring any 24-hour period. 
;,;ind is greatest c:.uring the <,;pring. The relat5.ve humidity 
of the Devils Lake area averases nes.rly 78% (SY·enson and 
Colby, 1955, p. 7). It i::; f req:.iently very lot-.' in the 
su1rt."t1er when values below 25% are not uncommon. 
Fluctuation of Lake Level D:.1.::-tng Historical Times 
Upha:n (1995, p. 595) states that the altitude of 
Devils Lake was 1441 feet (reduced to the datum cf 1929) 
above mean sea level in about the year 1830. This ·was 
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deduced from the ages of trees which grew on a relatively 
distinct strand line representing the most recent signifi-
cant stand of the lake level. Early residents of the area 
remember when the lake water was at the city limits of 
Devils Lake (elevation 1440 feet). 
Infrequent but well-authenticated records of lake 
levels are a~.;ailable beginning in 1867 (Swenson and Colby, 
1955). Beginning in 19011 levels were recorded annually 
and usually quaterly. A water-level gage vms installed in 
creel Bay sometime during the first decade of the 20th 
century. The datum of this gage is 1400.00 feet above 
mean sea level. 
Figure 2 shows the lake level flucbtations of Main 
Bay of Devils Lake from 1330 to 1965. Except for :ninor 
fluctuations, the lake level has declined from o to 
1940, generally risen from 1940 to 1957, and then aeclined 
from 1957 to the present.. rrhe lowest recorded level of 
Devils Lake in 1940 was 1400.9 feet. a"bove mean sea level. 
At this time Main Bay was only 0.69 m (2.7 feet} 
Because the bottom of Creel Bay in at least 1-m (3-feetj 
higher than thr:1.t of Main Bay (elevation 1398.6 feet) 1 most 
of it was dry at this time. L~cal residents (personal 
CO.i'.munication) remember walking across Creel Bay during 
1940. 
During historical times Main Bay of Devils.Lake has 
never been deeper than approximately 13.5 m (45 feet) as 
the cUfferi::nce in altitude between the highest. and lowest 
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Figure 2~-- Fluctuation !n lake level and salinity of Devils Lake, North Dakota; 
1830 to 1965. 
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recorded lake levels (see Figure 2) is 13.3 m (~4.5 feet). 
Thus the lake was probably not 22. 5-to 24. Q.~m (7 5-to 80-
feet) deep in its eastern portion as reported by Upham 
(1895, p. 170) since East Devils Lake is only 3.3-m (11-
feet) lower than Devils Lak-=:. However, the possibility 
exists that the bottom of East Devils Lake is not flat 
like that of Devils Lake and that there are deeper parts 
which could have been 24-·r:t (80-f1=et) deep in 1867. 
water Budget for Devils Lake 
Data used in water balance calculations 
The data used in calculating the water balance for 
Devils Lake are only approxima.te, but they are the most 
up-to-•date and complete figures which the writer could 
obtain. 
~:!:_P.,i t<;tlli.!!.·-Precipi tation was measurr;;d at the Devils 
Lake c:i.ty airport from 1950 to 1963 by the United States 
weather Bureau. Subsequently it w&s measured by KDLR 
radio station in the city of Devils Lake. 
~ratior1.-Evaporation was also measured from 1950 
to 1963 at the Devils Lake city airport, using a standard 
United States ·:·!eather Bureau evaporation pan 120 cm (4 
feet) in diameter. Subsequent measurements by KDLR radio 
station ?,re incorr.plete. r1,hus the evaporation in the Devils 
Lake area for 1963, 1964, and 1965 was calculated by 
multiplying the quotient derived from the ratio of annual 
evaporation at Mandan,. North Dakota (the nearest station 
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which measures evaporation) to its 39-year average annual 
evaporation rate by 76 cm (30 in) which is the estimated 
average annual evaporation from a lake surface in the 
oevils Lake basin (Swenson and Colby, 1955, p. 11-12). 
Runof~.-The drainage area of the entire Devils Lake 
basin is approximately 3900 square miles (Swenson and Colby, 
1955, p. 4}. Direct surface inflow into Devils Lake occurs 
only through Mauvais Coulee (renamed Big Coulee) which is 
fed by several smaller coulees upstream. The United States 
Geological survey ( 1960, p. 47} 'has estimated that the 
drainage area of Big Coulee is app~oximately 2500 square 
miles, of which 680 square miles are probably noncontrirJ'.1t-u 
ing. During years of above nor:nal precipitation, runoff 
would be fro:n the entire drainage area (2500 square miles) 
as water would flow into Big Coulee via Sweetwater inlet 
which dre.ins a group of lakes north of Devils Lake (see 
Figure 1). The United States Geological survey has a 
gaging station on Big Coulee near Churche~ Ferry, North 
Dakota. The gage is located do'WTI.stream from all major 
inlets to Big Cc1:1lee. The United States Geological survey 
has intermittently estimated discharge of Big Coulee 
through a weir located at the base of a bridge vn1ich crosses 
the coulee near Fort TOtten, North Dakota (adjacent t.o 
Grahams Island). These estimates more or less agree • .. .ri th 
discharge measurements made farther upsti-eam. The runoff 
data are the best available because they estimate actual 
stream flow into Devils Lake near the mouth of Six Mile Bay. 
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comouted annual_~!ges of water storage in Devils 
Lake.-The volu~e of water corresponding to various lake 
-
altitudes was taken from the capacity curve (volume curve) 
given in Figure 13. 
_£omputed anm~a~ inflow to Devils Lake.-Table 1 
presents the basic water budget data. Net evaporation 
was computed as precipitation minus totc.l evaporation. 
The average area of the lake surface at any given lake 
altitude ·was taken from the area curve of Figure 3. New 
evaporation expressed in 100 acre-feet was obtained 'by 
multiplying the area in 1000 acres by the net evaporation 
in feet. Transpiration by aquatic plants was not measur-
ed, and is assumed to be negligible because emergant vegi-
tation is sparse around the shores of Devils Lake. 
Estimated inflow to Devils Lake via Big Coulee was 
calculated from the discharge data. Net annual addition 
or loss of water to Devils Lake was calculated as inflow 
minus net evaporation. 
Comparison of water budg·et data 
P .. comparison between computed values for annual 
changes of water storage and estimated addition o.r loss of 
water from Devils Lake should provide useful info1mation 
on the possible contribution of ground water to the water 
budget. The two figures are very close for 1950, 1954, 
1955, 1956, 195_7, and 1958. They are relatively close for 
1952, 1953, 1957, and 19581 but the two values deviate 
considerably _fro.1.1 one another for 1951, 19601 1962, 1963, 
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1964, and 1965. This poor agreement between the two esti-
mates is due partly to inaccurate data, but also to the 
varying contribution of ground-water inflow and outflow 
around the edge of Devils Lake. No definite conclusions 
regarding ground-water inflow to Devils Lake can be made 
from the water 'budget data except ground-,·1ater flow 
(inflow and outflow) probably accounts for approximately 
20% of the total balance of Devils Lake. This figure will 
certainly vary according to the hydrological conditions in 
the recharge and discharge areas. 
The water budget data for 1963 and 1964 are difficult 
to explain because any process that might cause loss of 
water from the influent to Devils Lake (such as evapo-
transpiration) would be operative during other years as 
well. The evaporation figures for these two years are 
estimates and not measurements as previously discussed. 
They appear to be somewhat (20%) lower than the other 
evaporation figures (Table 1). Possibly the annual evap-
oration rate was below normal at Mandan whj.le it may have 
been above normal at Devils Lake. This would explain some 
of the discrepancy, but other than that, no plausible 
explanation can be offered. 
~arisen of ~he water bud.get of Swenson a.nd Col by with 
that of this reEort 
Swenson and Colby (1955) made a similiar water budget 
study for Devils Lake for the years 1930 through 1952. 
Thetr two water budget values agree very closely for a.11 
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Figure 3.--Variation of area and capacity (volume) with lake level of Main Bay of 
Devils Lake, North Dakota. 
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They estimate (Swenson and Colby, 1955, p. 10) that changes 
in ground-water storage would amount to 5% of the changes 
in the capacity of the lake. They estimated runoff to 
Devils Lake (Swenson and Colby, 1955, p. 12-15) using 
runoff data for the Sheyenne River at Sheyenne, North Dakota, 
on the supposition that the drainage area upstream from 
this gaging station is similar in topography, vegetation, 
soils, and climate to the drainage area contributing 
runoff to Devils Lake. The writer believes that discharge 
data for Big Coulee provide a more accurate estimate of 
the runoff to Devils Lake. 
Relationship between Salinity and Lake Level of Devils Lake 
Salinity data are avail.able for only 10 years of the 
period from 1895 to 1925. Yearly data are available from 
1948 to the present. Figure 2 shows the relationship 
l:e:n....-een la.ke level and salinity fluctuations in Devils Lake. 
They appear generally to be inversely correlated. Figure 
~ shows the relationship of salt conte~t (tons) to volume 
of Devils Lake. The lake volume decreased to a low point 
in 1948 ana. during this time the salt content decreased by 
66%. Salt tonnage increased only a small amount during 
the increase in w.:i.ter volume from 1948 to 1951, remained 
esoentially constant while the volume of the lake decreased 
to 1954, increased a little as the volume increased to 
1956, and has remained essentially the same as the water 
volume has steadily decreased to the present. It ,,,;ould 
Probably take a state of hydrologic equ:i.1 ibriurn for a great 
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number of years to restore the salt tonnage to the amount 
oevil s Lake con tainE:d in 1899. 
Langbein (1961), in his excellent treatment of the 
salinity and hydrology of cl_9sed lakes, explains. that there 
is some evidence that variation of salinity with lake 
volume is not simply a matter of concentration or dilution 
of a fixed mass of salts in a changing volume of water. 
The mass of salts appears to decrease with a decrease in 
lake volume. The mass of salts in solution may again 
increase with recovery of lake volu:ne, but the total mass 
of salts may be less than before the recession began. 
Compl.etion of the cycle is accomplished by slm,1 accumulation 
of salts carried in solution to the lake by stream inflow. 
The schematic salt-volume cycle of Langbein (1961, p. 9) is 
relatively well exemplified by the variation in salt con-
tent and lake volume of Devils Lake. A stable lake stage 
of relatively long duration would cause a significant 
increase in the salt content and complete the cycle for 
Devils Lake. If the trend of lake ievel fluctuations during 
the past 100 years (Figure 2) is maintained for any length 
of time, this accumulation of salts is not likely to 
occur in the near future. 
Langbein (1961, p. 10-12) discusses several mechanisms 
whereby loss of dissolved salts can occur. The most 
significant processes are: (1) precipitation of salts 
from isolated bays and puddlesr (2) pr~mary precipitation 
of carbonate and gypsu~: (3) trapping of salts in muds 
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which isolate the salts from resolution: (4) dowrn,a.rd 
migration (diffusion) of ions: and (5) direct transport of 
·salts by wind blowing over dried portions of the lake 
bottom. Several of these processes are known to occur in 
Devils Lake. 
Closed lakes retain in solution more soluble salts 
brought to the lake by influent water. Less soluble salts, 
such as calcium and mag·nesium carbonates, precipitate 
from solution. The carbonates account for a. relatively 
permanent loss of salts from solution as they do not easily 
go back into solution. Langbein (1961, p. 12) believes 
that deposition of salts affects all constituents alike. 
He concludes that loss of these salts results from com-
plete evaporation, otherwise there would b<-= a relative 
change in the composition of the remaining water through 
fractional precipitation. A glance at Table 3 shows that 
the only real change in the composition of Devils Lake 
water accompanying salinity variations of 6 to 25°/oo has 
been in the calcium and carbonate contents. The less of 
these two constituents rela.tive to others suggests precip-
itation of calcium carbona.te which will be discussed much 
more fully in the chapter on present sedimentary environ-
ment. Evidence presented later in this report indicates 
that at least 50% of the surface sediment 1 carbonate 
fraction in Devils Lake is a primary precipitate. Table 
1
surface sediment, as used in this report, is defined 
as the upper 10 cm of the sediment coluwn. 
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3 also shows a striking difference between the calcium 
and carbonate contents of Big Coulee water, which flows 
into Devils Lake near the mouth of Six Mile Bay, and those 
of Devils Lake water. 'fhese constituents differ by a 
factor of 10 between Big Coulee water and Devils LaJ<::e water, 
suggesting loss of ca.lcium and carbonate through carbonate 
percipitation. 
Additional mechanisms for salt loss from Devils Lake 
are trapping of salts in muds, thus isolating them from 
resolution: dovmward migre.tion of ions in the inte1:stitial 
water (see chapter on diagenesis)r and aeolian transportation 
of salts from Six Mile Bay and west Bc1y, as evidenced by 
clouds of white dust over these areas during periods of 
strong wind activity. 
Accumulation Time for salts in Devils Lake 
Langbein (1961, p. 15) has pointed out that the salt 
content of a closed lake is no guide to its age. It has 
been suggested that calculation of age as the quotient of 
mess of salts in a lake divided by the annual salt input 
to the lake usually leads to a figure far short of a reason-
able time since the lake last overflowed. This problem v.1as 
encountered by Joly (Dunbar, 1960, p. 19) ·when he attempted 
to estimate the age of the earth based on the amount of 
salt contained in, and supplied to the ocean. This 
quotient was calculated for Devils Lake using 37-year 
average discharge data and 15-year average salinity data 
for Big Coulee, and 37-year average la:<e volume data and 
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2 6-year average salinity data for Devils Lake. The average 
tonnage of salts in Devils Lake is l, 380,000 tons w·hile 
the average tonnage of salts entering Devils Lake is 
12,300 tons per year. Calculations using tbese figures 
give an accumulation time of 122 years since the lake was 
last fresh (salinity less than 1000 ppm). Langbein ( 1961, 
p. 16), using a formula derived for the equilibrium concen-
tration of salts and salinity data for Devils Lake (Obtain-
ed from Swenson and Colby, 1955), calculated accumulation 
times of 800 years and 2100 years respectively. However; 
he had only 3-year salinity data fo·r Big Coulee and used 
a f:tgure of 96 ppm. The estimated discharge of Big Coulee 
was unusually high during l.949 and 1950 (Swenson and Colby, 
1955, p. 20) which could explain the very low salinity 
value. The average (15 years) salinity value for Big 
Coulee uced in this report is 560 ppm, a figure 6 times 
that of Langbein (1961). This would still not explain 
all the discrepancy between the accumulation times calculat-
ed by Langbein and the writer. It is thought that the more 
recent calculation has the advantage of 15 more years of 
data and thus probably represents a more reasonable value. 
A rough check on the accumulation time since the 
lake was last fresh can be made. Upham (1895 1 p. 595) 
reported that Devils Lake had an altitude of 1446 feet 
(1441 feet corrected to the 1929 datum) in 1830. Projection 
of salinity data in Figure 2 indicates that .the salinity 
of the lake at that level was probably under 1000 ppm, a 
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salinity figure which represents fresh water for this area. 
Also, 1446 feet is not far below the overflow level at 
1454 feet, an elevation at which water can flow from Devils 
Lake through Jerusalem outlet into Stump La~e and then 
into the Sheyenne River .. The accumulation time for salts 
in Devils Lake since the lake last overflowed was calculat-
ed in this paper as 122 years, which gives a date of 
approximately 1840 for the last fresh-water period of 
Devils Lake. Although the actual overflow or fresh-
water period of Devils Lake may have occurred some 20 to 
30 years earlier, these data seem to support the accum.ula--
tion time (122 years) calculated in this report rather 
than that (800 years} of Langbein (1961, p. 16) .. Errors 
in the basic data could increase the accumulation time to 
approximately 200 years, but this figure is still far less 
than Langbein's calculation of 800 years. 
GENER..Z\.L LIMNOLOGY OF DEVILS LAKE 
Morphometry, Morphology, and Origin of Devils Lal<.e 
The morpho:netry of a lake is a q..iantitative expression 
of the form of a lake basin, while morphology describes 
the shape of the lake and the relation of shape to its 
origin and history. 
Bathymetrx 
The general topography of the bottom of Main Bay of 
Devils Lake was measured with a recording fathometer and 
a sounding line used in conjunction with sediment sampl-
ing. A weighted line marked in decimeters was lowered 
to the ~ottom at approximately 200 stations and depth 
~ecorded to the nearest decimeter. '.rhe location of most 
stations l,:as established using the average speed of the 
boat from a knovm point, but was frequently checked by 
triangulation from three fixed points along the shore using 
a Brllnton compass. More detailed bathymetry was construct-
ed from fathograms {taken with a Bendix recording fathome-
ter.)_ representing 20 traverses of the lake. 
The bathymetric map shown in Figure 7 was constructed 
Using approximately BOO depth measurements and contoured 
, on a 1-m interval. 
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oevils Lake (Main Bay) has a simple morphometry. 
The lake ~asin is shaped like a pie plate with a flat 
bOttom and steeply sloping sides. The lake bottom slopes 
relatively steeply from the lake shore to the profundal 
plain.which extends to with.in 455 m (1500 feet) of shore. 
The littoral zone (Reid, 1961, p. 300) is not very wide 
except in the vicinity of Misson Bay, Grand Harbor, and 
six Mile Bay (Figure 7). Creel Bay is somewhat shallower 
(l m) than the rest of the lake, presumably due to the 
greater influx of sediment to this area. 
MorpJ:iometr ie;_para~-~.:.~~ 
Maximum d~t~.-The maximum depth (Zm) of Devils Lake 
was 3. 5 m ( 11 .. 5 feet) during the summe1:- of 1965 when the 
altitude of the lake surface was 1411.70 feet. 
Mean depth.-The mean depth (z) of any la.k.e is obtain-
ed by dividing the volume by its area (Reid, 1961, p. 32). 
Devils LaJ~e has a mean depth of 2. 6 m. 
Maxim~tn length.-The maximum length (1) is the shortest 
distance along the.water surface between the two most 
distant points on the lal<e shore. The maximum length cf 
Devils Lake is 12 km (7.5 miles). 
Breadth.-Breadth (b) is the distance from shore to 
shore measured at right angles to the longitudinal axis. 
Mean breadth (b) is defined as the area (A) ciivided by the 
length (1) (Reid, 19ol, p. 33). The maximum breadth of 
Devils Lake is 8 km { 5 miles) and the mean breadth i.s 
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Figure 7.--Morphometric map of Devils Lake, North Dakota. 
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4 km (2.5 miles}. 
Area.-Area (A) is the extent of surface of a lake. 
-
The area of Devils Lake is 47.9 km2 (18.54 square miles). 
volume.-The volume (V) of a lake is calculated by 
the f~rmula V1=1/3(A1+A2+A1A2}h (Reid, 1961, p. 33). The 
area under each 0.5-m contour was measured with a compen-
sating polar planimeter. The volume under each 0.5-m 
contour was computed using the above equation and the 
entlre volume of the lake obtained by sum.ming the individ-
ual volumes. The volume of Devils Lake is 0.125 km3 
(0.0393 cubic miles}. 
Length of shoreline.-The length of the shoreline (L) 
is measured on a morphometric map by means of a rotometer. 
Devils Lake has 39 km (24.2 miles) of shoreliner 
Q_evelopment of shoreli~~.-Development of shoreline 
(DL} is the quantitative expression describing the 
configuration of a shoreline and is defined as the ratio 
of the shoreline length to the circumference of a circle 
which has an area equal to that of the lake (Reid, 1961, 
P. 34). The shoreline development may be calculated using 
L the following formula: DL =TA. A perfectly round 
basin (such as sinkhole or doline lakes} would give a 
shoreline development of 1. Values greater than 1 indi-
cate departure of the shoreline from a perfect circle. 
The value calculated fo:r shoreline development is regarded 
as a measure of the effectiveness of littoral processes on 
the lake, providing the area is relatively constant 
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h . son 1957 p 166) oevil..s Lake has a shoreline cautc 1n t I ~ • 
development value of 1.58, which could be predicted from 
its subcircular outline. Elimination: of Creel Bay from 
the calculation would bring the value still closer to 1. 
Development of volume.-Development of volume (Dv) is 
a morphometric parameter expressing the form of the lake 
basin. It is defined as the ratio of the volume of the 
lake to that of a cone which has a basal area (.~) (the 
area of the lake) and height Zm (the maxlmum depth of the 
lake). In this report the development of volume is defined 
as the ratio of the mean depth to the maximum depth (Z: Zm) 
following the procedure of Hutchinson (1957, p. 166), The 
development of volume of Devils Lake is 0.77 which is far 
from that of a cone. 
M<,?rphology 
Outline of the lake.-Devils Lake has a distinctly 
subcircular outline which is fairly smooth :i.n detail 
(Figure 7). The subcircular outline is probably due to 
remodeling of the shoreline by shore processes acting upon 
relatively unconsolidated material. 
Shore processes.-The energy expended (work) on the 
bottom and shoreline tends to modify the outline and form 
of the laJce basin. The prevailing wind in the Devils Lake 
area is from the northwest and thus waves strike the south-
ern and southeastern shores most frequently. The bathy-
metric map (Figure 7) shows a very narrow littoral zone 
(bounded by the 2-m contour) througho~t most of the shore-
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line. This littoral zone is undoubtedly due to continuous 
wave action during the ice-free months which removes much 
material from the shoreline and moves it out below the 2-m 
contour. wave movements below this depth may not posess 
sufficient energy most of the time to move coarser sediment 
(sand). The transportation of sediment toward the middle 
of the lake produces gentler slopes from the 2-m depth to 
the bottom of the lake. The shallower areas along the 
western and portions of the eastern shore possibly result-
ed from aggradation by sediment which is transported from 
the shoreline towa.1::d the center of the lake. Sediment 
brought to the lake through Big Coulee may be deposited 
aajacent to the mouth of Six Mile Bay (?'igure 7) and thus 
be partly responsible for the extensive shallow area th~re. 
The presence of abundant attached algae in this area pre-
cludes a very rapid sediment influx during the last few 
years, but substantial sediment influx could have occurred 
in the past. Attached algae growth is only abundant in 
littoral areas along the western and northern shores indicat-
ing that these areas receive minor wave action. 
The absence of any major influents and thus significant 
discrete sediment influx to Devils Lake is reflected in the 
flat bottom of the lake which is not marked by any discern-
able aggradational features.. Devils Lake has a ,;ell-
defined littoral or wave-cut shelf along much of its 
shoreline which results from frequent intensive wave action. 
The wind has several miles cf lake surface to blow over. 
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The long fetch, in conjunction with the la.ke 1 s shallow-
ness, cause sizeable waves (3-4 feet h:i.gh) to hit the 
shores of Devils Lake during times of intensive air move-
ment (see section on waves and currents). Longshore 
drift~appears to be in a southerly direction and sediment 
tends to accumulate in open bays (Grand Harbor in Figure 
7) which are not directly in line with the wind. Thus 
longshore drift and transportation of sediment below the 
2-m depth contour are two major processes resulting in 
shoaling of the lake. 
origin of .. the l!tke basin 
The present Devils-Stump Lake chain of lakes occupies 
the site cf a preglacial or early Pleistocene river valley 
(Kelly and Buturla, 1967) which •,;as partly filled by 
glacial drift deposited from ice situated north of present 
Devils Lake. s·.1bsequent melting of the ice front in la.te 
Wisconsin time produced large volumes of wa.ter which were 
blocked to the south by the North Viking moraine (see 
Figure 1). Damming of this meltwater resulted in the 
formation of proglacial Devils Lake whose dimensions (Figure 
1) were approximately 50 miles in an east-west direction 
and 8 miles in a north-south direction. The sides of the 
lake basin must have been fairly steep, at least to 30 
feet below the present lake bottom, because a core taken in 
Main Bay only one-third of a mile from shore penetrated the 
s~~e homogeneous silty clay to a depth of 30 feet. Examin-
ation of the core indicated no recognizable layers of 
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coarser sediment (coarse silt and sand) which might reflect 
significant changes in position of the shoreline. A core 
taken in Creel Bay (Figure 1) revealed minor variation in 
grain size (Figure 28), although the sediment did coarsen 
appreciably near the base of the core. Since Creel Bay is 
only two-thirds of a mile wide (maximum width), any appre-
ciable slope in the lacustrine basin would cause migrati.011 
of beach and littoral sediment (gravel and sand) across 
the bay as the water level fluctuated. Therefore, it is 
concluded that the basin of Devils Lake originated as a 
river valley (Kelly and Buturla, 1967, Figu.re L-1) with 
steep-sided wa.lls 1•1hi,:,h was initially filled with glacial 
drift (mostly outv.rash) during late Pleistocene time and 
subsequently ·with lacustrine sediment. Lacustr.ine s~di-
mentation has continued to the present time only in those 
portion.:::i of the lake basin which receive volumes of water 
sufficient to maintain semi-permanent lakes. These semi-
permanent lakes {Figure 1) occupy the lower parts of the 
bastn. 
Physical Characteristics of Devils Lake 
Waves and Currents 
Waves.-Devils Lake has a fetch of at least 9 km 
(5.6 miles) when the wind blows from the northwest or 
southeast, and a fetch of 12 km (7.5 miles) when the wind 
comes from the north or northeast. The prevailing winds in 
the Devils Lake area corne from the northwest. 
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An approximate for~ula for calculating wave height 
(hw) is given in Reid (1961, p. 132) as: hw = 0.105X 
where xis the fetch in cm. Calculations using the above 
data give a possible wave-height value for Devils Lake of 
1 m (3.3 feet) which is the height of waves estimated by 
the writer from observations on the lake. During very 
windy periods when the wind reaches a velocity of from 64 
to 80 kms/hr ( 40 to 50 mph), the height of waves may be 
as great as 1.5 m (5 feet) but such heights are exceptional. 
The estimated wave length of waves in Devils Lake with a 
1-m wave l§{ttight is approximately 10 m (33 feet) (hutchinson, 
1957, p. 359). ':vaves with this height and length probably 
occur in Devils L?ke 30 % of the time during the ice-
free months. such waves would affect the bottom of the 
lake; as a general rule of thumb is that waves will ha·ve 
an effect on the bottom (erosion and transportation of 
sediment) to a depth of one-half the wave length. For 
Devils Lake this depth would be 5 m (16 feet) and since the 
maximum depth of the lake is 3.5 m (11.5 feet}, the lake 
bottom is probably affected by wave action more than 30% 
of the time. 
Curren ts. -Current mea.surements were not made on 
Devils Lake during the present investigation. Young 
(1924, P. 19) reported on approximate measurements of 
horizontal currents in Devils Lake made by timing the 
drift of submerged bottles over measured courses .. 
Determinations were made on August 12, 1917, during a high 
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d and showed a current of about 13 cm/sec (0.47 km/sec win, 
or o.29 mph} or approximately 1.4 km in three hours. At 
. this rate, a mass of plankton could drift from one side of 
the lake to the other in a day (Young, 1924, p. 19). No 
data are available on deeper currents, but probably one or 
more current systems exist due to piling up of water against 
the shore by strong, persistent prevailing winds. 
~bidity_(li9:ht eenE:_t~ 
Turbidity was measured with a standard secchi disc 
at weekly intervals during the summer. Secchi disc and 
thermal measurements were conducted routinely in conjunc-
tion with the water and plankton sampling program. The 
transparency of Devils Lake is low and a common Secchi 
disc reading during the ice-free months was 0.4 to 0.6 m. 
Figure 8 shows the monthly variation in Secchi disc trans--
parency for 1965 and 1966. Comparison of Figures 8 and 11 
shows that Secchi disc transparency exhibits a relatively 
high degree of positive correlation with primary product-
ivity which is the normal situation (Reid; 1961, p. 100). 
A decrease in transparency accompanying a decrease in 
primary productivity probably reflects significant mixing 
of Devils Lake by frequent strong winds, and thus represents 
the extinction of light by particulate matter other than 
living plank.ton • 
.!!!ennal eroperties of Devils Lake 
Variation in temp(~rature.-No permanent seasonal therm-,,,_ . ' 
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cline develops in Devils Lake be~ause of its shallow depth 
which allows the wind to thoroughly mix the water and keep 
it homiothermal. There is usually less than 1°c difference 
):)etween surface and bottom water. Occasionally (two 
recorded times in three years), temporary thermal stratifi-
cation will develop on very calm, hot summer days 
(Armstrong and others, 1966; Figure 6, p. 145), but this is 
easily destroyed by the slightest wind. The shallower 
water near the shore is usually slightly warmer than the 
surface water in the middle of the lake except in the fall 
when the above conditions are reversed due to more rapid 
heat loss from shore water. Figure 8 shows the monthly 
variation in temperature of surface water. 
Devils Lake is classified as a temperate lake 
according to the thermal classification of Forel (Hutch.L"1sm, 
1957, p.· 437), with the exception that it circulates many 
more times than twice yearly. According to the thermal 
classification of Yoshimura (Hutchinson, 1957, p. 437), 
Devils Lake would be classed as a subpolar lake if it were 
not for the fact that surrm1er surface temperatures are far 
above 4°c. Annual thermal conditions in Devils Lake do 
not readily place it in any of the thermal categories of 
Hutch:i.nson ( 1957, p. 438). Thus Devils Lake is an 
unstratified third class lake according to Hutchinson's 
clarification of Whipple's thermal classification 
(autchinson, 1957, p. 439}. 
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Heat bud2et.-The annual heat budget of a lake is the 
total quantity of heat absorbed by the lake to warm its 
water from the lowest winter temperature to the.maximum 
summer temperature (Reid, 1961, p. 118). The easiest way 
to deterrnine this budget is to multiply the difference 
between the winter and summer temperatures at a particular 
depth z by the area of that water stratum, su:n these values 
for all depths, and divide °h'.J the surface area of the lake 
(Hutchinson, 1957, p. 494). The resulting figure for the 
annual heat budget is expressed in calories/cm2. The 
minimum winter temperature in Devils Lake is 0.2°c and the 
maximum summer temperature is 28°c. The thickness of the 
ice cover is approximately l m (39 inches), and the average 
t t · -10°c·. empera ure is Calculations using the above data 
give an annual heat budget for Devils Lake of 14,100 cal/emf 
of which 6230 cal/cm2 is summer heat income, that is, the 
amount of heat required to warm the lake water above 4~c. 
The summer heat income is wind-distribu.ted heat which 
amounts to 44% of the annual heat budget of Devils Lake. 
Melting 1 m of lake ice requires 7870 cal/cm2 of heat. 
The work of the wind in warming Devils Lake from 4°c 
to the mean summer temperature of 26°c is 264 g-cm/cm2 pr 
cal/cm2 ) which is a very small value in comparison to many 
lakes (see Table 2). This small value is not surprising 
in light of the shallow depth and very simple morphometry 
of Devils Lake. 
TABLE 2 
HEAT BUDGETS OF SEVERAL NORTH AMERICAN LAKES 
A0 is surface area, Zm is maximum depth, z is mean depth, Hbs is summer heat income, Hbw 
is winter heat income, Hba is annual heat income, Bis work required to distribute heat, 
sis ~~rk needed to render lake homiothermal. 
Lake Lat. Ao Zm z Hbs Hbw Hba B (cal/ s (Km2) (m} (m) (cal/cm2) (cal/cm2) (cal/cm2 ) cm2) 
Devils L. 
N. D. 4S0 oo•N 47.9 2.6 3.5 6,230 7,870 14,100 264 83 
Pyramid L. 
Nev. 40°J.O'N 532 104 57 33,600 
-
33,600 3870 8840 
Green L. 
Wisc. 43°48 1 N 29.7 72.3 33.l 26,ioo 7,800 34,000 2023 
L. Mendota 
43°07 1N Wisc. 39.2 25.6 12.1 18,240 5,260 23,500 1209 514 
Chendler L. 
P.J.aska 5704o•N 15 21 13.5 5,800 22,000 27,800 175 
-Lunzer 
Untersee 470571N .68 33.7 19.8 12,300 1,400 13,700 535 390 
Austri.a 
Source: 
Hutchinson, G. E., 1957, A treatise of limnology: v. 1: New York, John Wiley and 
Sons, 1015 p. (Table 53, p. 496-500r Table 58, p. 508). 
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The center of gravity (Zg) was calculated to be 1.05 
for vevils Lake. The amount of work required to mix the 
entire b~dy of water in Devils Lake to a uniform tempera-
ture without addition or subtraction of heat (stability of 
thermal stratification) is 82.7 g-cm/cm2 (cal/cm2). This 
figure is only one-third the amount of work required to 
distribute heat above 4°c. Comparative data on the heat 
budgets of several North American lakes, including Devils 
Lake, are presented in Table 2. 
Chemistry of Devils Lake 
General 
Devils Lake is a brackish to salty-water lake (Davis 
.and Dewiest, 1966, p. 118) that is classified according to 
a Piper diagra~ (Hem, 1959, p. 182) as a sodiurn-calcium-
m.agnesium-chloride-sulfate type of water. Sodium and 
sulfate account for 75% of the total dissolved solids in 
Devils Lake.. 'l'hE;refore, the lake ;..rater is properly 
classed as a sodium sulfate type. Table 3 gives a compari-
son between the percentage composition of Devils Lake 
water, sea water, and world average lake and river water. 
Devils Lake, as well as most of the surface water in the 
Devils Lake drainage basin, has considerably more sulfate 
than mean world lake and river water and more chloride, but 
much less calcium and carbonate. Devils Lake also has 
proportionally more sulfate and carbonate than sea water, 
but considerably less chloride (Table 3). 
TABLE :3 
PERCENTAGE COMPOSITION OF DEVILS LAKE WATER, OTHER WATERS IN DEVILS LAKE DRAINAGE 
BAS IN, AVERAGE LAKE AND RIVER WATER, A."'ID SEA WATER 
Main Bay Devils Lake Mauvais Eastern Lake and Sea 
Ion 1907 1948 1951 1965 Coulee Stump River water 
(10 yr. Lake waters 
average) (1965) (average) 
Calcium (ca) 0.,28 0.4 1.,3 .6 11.3 .6 20.39 1.15 
Magnesium (Mg) 5.62 5.7 4.3 4.2 4.5 4.8 3.41 3.69 
Sodium (Na) 22.33 24.7 24.7 21.2 9.5 23.9 5.79 30.62 
Carbonate (co3 )* 7.02 2.9 4.3 7.1 40.4 .s 35.15 .41 
· Sulfate (-so4 ) 52.65 54.5 51.6 54.2 29.8 60.4 12.14 7.68 
Chloride {Cl) 9.52 11.5 11.2 10.7 3.8 8.9 5.68 55.04 
salinity (0 /oo) 9.45 25.0 6.7 13.1 0.7 90.1 0.15 35.00 
• Includes equivalent of bicarbonate 
Source: 
Swenson, H. A., and Colby; B. R., 1955, Chemical quality of surface waters in 
Devils Lake basin, North Dakota: u.s. Geol. survey water-Supply Paper 1295, 82 p. 
(p. 27). 
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Comparison of the percentage compo?ition of Devils 
Lake and Mauvais Coulee water shows that Devils Lake con-
tains proportionally more sodium1 sulfate, and chloride, 
but contains less calcium and carbonate. Obviously, 
calcium and carbonate are removed from Devils Lake water 
which is concentrated by evaporation. Carbonate precip-
itation in Devils Lake can, and does, account for this loss 
of ca+2 and C03-2 • Comparison of Figures 6 and 12 shows 
that there is a significant difference in Ca/Cl ratios for 
the two waters. The Mg/Cl ratio of Devils Lake is also 
lower {1/5) than that of Mauvals Coulee, but this difference 
is not nearly as great as that (l/100) for the Ca/Cl 
ratio. 
Variation in water chemistry 
The annual' variation in pH and the dissolved ca, Mg, 
co3 , and Hco3 content· of Devils Lake ws.ter du.ring 1965 and 
1966 is shown in Figure 9. Calcium remained relatively 
constant during 1965 except for concentration due to 
freezing in the winter. During 19661 however1 the concen-
tration of calcium varied more widely, partly as a result 
of pronounced shifts in the carbonate equilibria that were 
caused by an increase in primary productivity over that of 
1965. Organic complexing of calcium may have controlled, to 
a lesser degree, the dissolved calcium content of the water 
in 1966. Magn<:sium does not vary appreciably from 1965 to 
1966 except for the concentration increase caused by freez-
ing. There are probably no significant e~Jilibria involv-
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ing magnesium which react fast enough during a short period 
of time to cause significant fluctuations in the dissolved 
magnesium content. 
The bicarbonate and carbonate curves (Figure 9} 
exhibit an inverse relationship which results from their 
involvement in the basic carbonate equilibria. Their 
fluctuations correlate fairly closely with the primary 
productivity curve (Figure 11). The pH of the water 
correlates very closely with carbonate. This is to be 
expected, as an increase in dissolved carbonate raises the 
pH by combining with the hydronium ion (H3C+), thus freeing 
the hydroxyl ion (OH-), and bringing about an increase in 
pH (decrease in hydrogen ion concentration) through the 
dissociation of water. 
Dissolved chloride and sulfate generally va'?::'y to-
.gether (Figure 10) and show concentration due to freezing .. 
There are a few fluctuations in sulfate, however, which are 
independent of chloride. Although these may be due to 
equilibria involving sulfate (gypsum), they appear to be 
independent of variations in calcium and thus reflect either 
different equilibria or faulty analyses. The error for the 
dissolved sulfate deter:ninations is probably the largest of 
all the water chemical analyses. 
Reference to Figure 12 shows that only calcium exhibits 
a significant variation relative to chloride, a fact indicat-
ing significant fluctuations in the calcium carbonate 
equilibria. Variation in salinity is correlated with lake 
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level fluctuation as well as concentration of dissolved 
solids due to freezing (Figure 10). 
The total phosphorous and iron curves exhibit a fair 
degree of positive correlation although there are many 
exceptions (Figure 11). Iron and phosphorous should be 
related, based upon Eh-pH relationships. However, phos-
phorous is utilized much more by the aquatic biota than 
iron and thus has a somewhat different environmental 
control. The total iron curve includes particulate iron 
which, du.ring very windy periods, accounts for 90% of the 
total due to resuspension of bottom sediment containj_ng· 
substantial amounts of iron. Resuspension of 1.:iottom 
sediment explains the very high total iron values on August 
10 and October 21, 1966. The total phosphorous curve shows 
some correlation with productivity suggesting- that during 
times of high primary productivity or severe mixing of the 
lake the particulate phosphorous accounts for a large 
percentage of the total. In several instances, total phos-
phorous exhibits an inverse correlation with primary productiv-
ity suggesting that phosphorous is removed from solution by 
the biota. However, no definite correlation between total 
phosphorous and primary productivity is evident from the 
data (Figure 11). The high phosphorous content of Devils 
is a result of overflow from the City of Devils Lake 
sewage lagoon and extensive use of ferttliz,er by a.gricul tural 
Procedures in the area. 
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If a few abnormally high peaks in the iron curve 
resulting from high particulate iron values were smoothed 
out, total iron would not vary nearly as much as total 
phosphorous. Reducing conditions in the water would cause 
relea~e of iron from the sediment as ferrous iron. In the 
absence of dissolved free oxygen, H2S would be present, a 
condition that would probably result in precipitation of 
dissolved ferrous iron as hydrous ferrous sulfide (hydro-
troilite, FeS•NH20). The dissolved iron concentration of 
the water never exceeded 0.20 ppm during the study period., 
Thus precipitation of ferric hydroxide during the ice-free-
months (high dissolved oxygen content and positive Eh) and 
ferrous sulfide during the winter months (H2s and low to 
negative Eh) controls the level of dissolved iron in Devils 
Lake. 
Dissolved silica, which occurs as monomeric silicic 
acid (H4sio4 } under normal temperature and pH ranges i.n 
natural waters, is highly correlated with primary productiv-
ity (see Figure 11). Diatoms, which utilize dissolved 
silica during growth periods, constitute 90% of the primary 
Producers. Thus, during times of high primary productivity, 
Silica is extracted from the water by diatoms and the 
dissolved silica content falls, while during times of low 
or negligible primary productivity, the dissolved silica 
content increases due to release of silica from dead dia.-
toms. Reference to Figure 11 verifies this statement. 
There is some time lag between the two curves due to the 
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i r P-quircd for silica to go into solution and for it to t me -
be extracted from the water by diatoms. 
r_actor analysis of water chemistry data 
Tables 4 and 5 give the correlation coefficients and 
rotated factor loadings obtained by factor analysis of the 
water chemistry data. A thorough explanation of factor 
analysis is presented i11 Appendix III. 
Inspection of factor I (Table 4) shows that most of 
the covariance in the properties of the chemical system may 
be accounted for by the variances of Mg+ 2 , Na+l, K+l, HCo3-l, 
so4-
2
, and c1-1• There is an identical loading on Na+l and 
so4-
2 (0.947), an~ 
(0.937 and 0.980). 
Mg+ 2 and Cl-l have similar loadings 
-1 Potassium and HC03 have slightly lov-:er 
loading values (0.916 and 0.891). These data suggest that 
all six components are intimately related. Much of the 
sulfate may be derived from oxidation of pyrite and solution 
of gypsum in Pierre Shale and glacial till. Calcium and 
magnesium are certainly released during weathe;ring of carbon-
ate minerals in g-lacial drift which is present everywhere i.n 
the Devils Lake drainage basin. Bicarbonate is also defin-
itely derived from weathering of carbonate in the drift. 
Sodium and chloride may have their source outside the drain-
age basin and represent rogional · ground-wc:1.ter flow. 
Some of the remaining variance in the chemical system 
is explained by the association of calcium and silica in 
factor II (Table 4). The fact that these loadings are 
.negative indicate they are mutually exclusive of the six 
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TABLE 4 
EIGENVALUES (A) AND ROTATED FACTOR LOADINGS (B) FOR DA'"i'A 
. FROM DEVILS LAKE W ... ~TER CHEMISTRY (1965-1967) 
A 
Eigenvalues cumulative% of Total 
Compositional Information 
7.817 60.1% 
1.884 74.6 
1.408 85.5 
.769 91.4 
• 578 95.8 
.236 97.7 
.135 98.7 
.oso 99.3 
B 
Variable I II III IV V 
Ca .462 -.675 .122 .;...267 -.-109 
Mg .937 -.198 -.058 -.153 -.009 
Na • 947 -.239 -.134 .013 .013 
K .916 -.054 -.032 -.087 -.167 
HC03 .861 -.381 .015 -.238 .093 
co3 -.076 .078 -.123 .746 .063 S04 .947 -.075 -.005 -.199 -.176 
Cl .980 -.059 -.097 -.062 -.148 
Sio2 .118 -.851 .032 .014 -.233 N03 .177 -.248 .068 -.049 -.738 PO 
-.301 -.246 .409 -.302 -.206 pH4 
-.659 .017 .149 .812 
-.059 
TDS 
.796 
-.130 -.044 -.148 -.119 
CORRELATION COEFFICIENT ~.ATRIX FOR DATA FROM DEVILS LAKE WATER CHEMISTRY (1965-1967) 
Ca Mg, Na K HCO~ C03 .,; S04 Cl S:!..02 tm3 P04 pH TDS 
Ca 1.00 
M9 
.56 1.00 
Na 
• 57 .95 1.00 
K 
• 51 .89 
.87 1.00 
en 
HC03 .10 .93 .87 
0 
.85 1.00 
co3 -.36 -. J. 9 -.07 
-.09 
-.27 1.00 
so
4 .SB • 91 .90 .88 .86 
-.25 1.00 
Cl 
• 52 .96 
.95 • 91 .87 
-.10 .95 1.00 
Si02 .66 .27 
.30 .14 .37 -.03 .25 .18 1.00 
N03 
.32 .20 
.17 .28 .18 
-.06 .38 .29 .48 1.00 
P04 .. 16 -.15 
-.21 
-.19 -.12 
-.30 -.28 
-.24 -.20 .25 1.00 
pH 
-.48 
-. 79 
-.68 
-.69 -.79 • 66 ..:. 78 
-.73 
-.06 
- .. 09 .03 1.00 
TDS • 60 
.95 .95 • 91 .90 
-.20 .99 • 98 ·. 27 .. 32 -.26 -.77 1.00 
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·~bles in factor r. It is possible that some silicate 
var1 ... ,. 
equilibria influence calcium and silica,·but the fact 
· remains that primary productivity influences silica content 
and, to some degree, calcium through its influence on 
carbonate equilibria. Feth (1967) found, in factor analy-
sis of ground-water quality data from California, that 
calcium and carbonate were intimately related suggesting 
significant control by carbonate equilibria. Since the 
loading on calcium (0.462) in factor I is somewhat similar 
to that of bicarbonate (0.891), some control of calcium in 
Devils Lake is exerted by carbonate equilibria. Factors 1II 
and V show that phosphate and nitrat.e vary independently of 
the other constituents in the system. Inspection of factor 
IV shows that t1'1e remaining variance in the che:nical system 
is accounted for by cai:bonate and pH which exhibit a high 
positive correlation (correlation coefficient= +0.66). 
This is a reasonable association considering the carbonate-
bicarbonate-carbon dioxide system. The co:n.~unalities 
(Appendix III) for the water chemistry data indicate that 
Ca, Mg, Na, K, HC03 , so4 , Cl, and Sio2 represent the 
variability in the data very well. 
,E_hysical c~mistry of Devils Lake water 
Since Devils Lake is an aqueous solution of electro-
lytes, it does not behave as an ideal solution and deviates 
from Raoult•s Law (Garrels and Christ, 1965, p. 29}. The 
electrolytes in Devils Lake water can be divided into two 
classes~ nonassociated and associated. In a nonassociated 
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electrolyte the solute exists in solution wholly in the form 
of a simple cation or anion, as in sodium or potassium 
chloride solutions (Garrels and Christ1 1965, p. 50). 
Associated electrolytes consist of weak electrolytes (such 
as a2co3) and ion pairs that are associations of oppositely 
charged l.ons resulting only from electrostatic attraction 
(Garrels and Christ, 1965, p. 51). Devils Lake water 
contains several strong ion pairs which consist of various 
cations combining with co3- 2 and so4-
2
• Garrels and Christ 
(1965, p. 51) point out that the particular state of the 
solute depends markedly upon concentration. Increasing 
concentration causes solute particles to be closer togethe~ 
resulting in more interaction. Thus the formation of 
neutral molecules, or complex ions, is favored by increasing 
concentration. 
Activi1=Y.-Chemical activity is an expression of 
complicating fact?rs which affect the effective 11 reactive" 
concentration of ions in solution. In reality, it is a 
measure of the free energy difference between an ideal and 
a nohideal (electrolyte) solution. The activity is influ-
enced by the .ionic strength (I), defined as I=~ zici2i2 
Where Ci is the concentration of an ion in moles per liter, 
Zi is its charge, and the sum is taken over all ions in 
solution (Krauskopf, 1967, p. 71}. The activity of a 
Particular ion is calculated by multiplying the activity 
coefficient (l/) by the measured molar concentration (M}. 
Ionic activity coefficients are determined by either the 
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TABLE 6 
ACTIVITY COEFFICIENTS OF INDIVIDUAL SPECIES 
IN DEVILS LAKE WATER 
(Ionic Strength, 0.35: salinity, 12.3°/oo: 250c) 
-
-
Dissolved 
species 
·NaHC03 
MgC03 
CaC03 
MgS04 
CaS04 
HC03 
NaC03 
NaS04 
KS04 
MgHCOl 
CaHC03 
Na+ 
K+ 
Mg++ 
ca++ 
cI-
co3-
so--4 
Source: 
Activity 
Coefficient 
1.00 
1.00 
1.00 
1.00 
1.00 
.725 
.725 
.725 
.725 
.725 
.725 
• 73 
.69 
.35 
.30 
.69 
.28 
.18 
Method 
Used 
Garrels and Christ, p. 102: 
assume unity 
" 
" 
" 
" 
Curve A, Figure 4.5; Garrels 
and Christ, p. 104 
Analogy with HC03 II 
ff 
ff 
II 
Figure 2.15, Garrels and 
Christ, p. 63 
II 
Calculated by Debye-Huckel 
Eqn. Figure 2.15, Garrels 
and Christ, p. 63 
·11 
" Curve D, Figure 4.5, 
Garrels and Christ, p. 104 
Figure 2.15, Garrels and 
Christ, p. 63 
Garrels, R. M., and Christ, c. L., 1965, solution 
minerals, and equilibria: New York, Harper and Row, 
450 p. 
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mean salt method or the Debye-H;ckel Theory (Garrels and 
Christ, 1965, p. 58-64). Deviations of activity coefficients 
from unity measure the effects of interactions between 
solute species in solution (Moore, 1962, p. 344). 
Table 6 presents the calculated activity coefficients 
for individual ions and neutral molecules in Devils Lake 
water with a salinity of 14,000 ppm/ This table contains 
the activity coefficients for ions important to carbonate 
equilibria calculations which are discussed thoroughly in 
the succeeding chapter. 
Inorganic complexing of various io~.-Table 7 presents 
the results of calculations estimating the degree of in-
organic complexin~ in Devils Lake water having a salinity 
of 14,000 pp~. Dissociation constants for various ion 
pairs were taken from a table of values given in Garrels 
and Christ (1965, p. 96). 
Only 9% of the total carbonate content exists as free 
C03- 2 in Devils Lake water: 30% of the sulfate as so4-
2
: 43% 
+2 
of the calcium as Ca : 1% of the magnesium as Mg+21 over 
75% of the bicarbonate as HCO -1. and 90% of the sodium 3 I 
and potassium as Na +l and K+ 1 • Comparison of Table 7 with 
Table 4. 4 in Garrels and Christ (·1965, p. 105-106) shows 
that, although inorganic complexing of sodium, potassium, 
bicarbonate, carbonate, and chloride is essentially the same 
for Devils Lake water as it is for sea water, the complexing 
Of calcium, magnesium, and sulfate are very different for 
the two waters. These differences are all due to the much 
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TABLE 7 1 
' DISTRIBUTION OF MAJOR DISSOLVED CATIONS {A) A.~D ANIONS {B) 
IN DEVILS LAKE WATER 
(Salinity, 12.3°/oo: 25°Cr pH 8.8) 
-
A 
ron Molality Free Iron Me-so4 Me-f!C03 Me-co3 (total) (%) pair pair pair 
(%) (%) (%) 
Na+ .12180 90 7 
I(+ .00540 90 10 
Mg++ • 03830 1 89 4 6 
ca++ • 00453 43 52 5 
B 
Ion Molality Free Iron Ca-Anion Mg-Anion Na-Anion 
(total) (%) pair pair pair 
(%) (%) (%) 
S04-- .06449 29 5 54 12 
HC03- • 01052 76 2 18 4 
C03-- • 00335 9 85 6 
c1-
.03840 100 
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greater (proportionally) sulfate concentration in Devils 
t,ake than in sea water. Sulfate complexes nearly 90% of the 
magnesium and 50% of the calcium in Devils Lake (Table 7). 
This inorganic complexing probably has a pronounced effect 
upon solubility relations of various mineral equilibria 
in Devils Lake. 
Biology of Devils Lake 
General 
In spite of apparently high c':,ncentrations of avail-
able nutrients, the biota of Devils Lake is not especially 
rich in terms of biomass and is distinctly poor in terms of 
biological diversity. The meager phytoplankton populations 
are dominated by diatoms. Two species, one a diaptomed., 
the other a moined, dorninat.e the zooplankton. The bottom 
fauna of Devils Lake is not well knovm, but preliminary 
samples indicate that chironomids constitute the bulk of 
the benthic community. The vertebrates are almost solely 
represented 'by one species of salamander, ~byst~ .1:i<;;r1;inu~. 
!UPJ2~~ maritima is the sole rooted plant in Devils Lake. 
Except in Creel Bay, it plays a minor role in the bioeconomy 
of the lake. Extensive beds of Enteromoroha prolifer~, a 
filamentous alga which grows attached to submerged ~bjects 
are also found in the littoral zone. 
~l~nkton 
Phytoplankton.-The most important phytoplanktonic 
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genera in Devils Lake are an undentified diminutive diatom, It 
C clotella, Coeleosphaerium, Oocystis, Gomphosphaerium, J -
!avicula, Ankistrodesmus, ~phor2,, Surirella, Rhoicosphenia, 
and Meriden (Anderson and Armstrong, 1966, p. 161-162). 
The planktonic flora are dominated by the ultraplankter 
sxclotella, whose importance is net diminished by con-
verting cell numbers to cell volumes (Anderson and 
Armstrong, 1966, p. 162). Anderson and Armstrong (19E6, 
p. 163) determined that this diminutive diatom species 
consistently accounts for at least 95% of the phyto-
plankton biomass. 
Zooplankton.-The zooplankton population consi.sts of 
rotifers (not ide~tified as to species), the cladoceran 
Moina hutchinsoni Brehm, c.nd the cooepod Diaptomus silici.B 
- -----
(Anderson and Armstrong, 1966, p. 164). 
'l'rophic nature of Devils Lake 
Phy~plankton-zooplankton relationships.-Growth of 
phytoplankton generally occurs when the crustacean population 
As Crustacea reach their peak population density, 
the phytoplankton population decreases. The phytoplankters 
again increase with reduced grazing pressure until the lake 
Biological Eroductivi~y of Devils Lake.-The measured 
Primary productivity for Devils Lake during 1965 was 
-o.11 gmC/m2/day, which amounts to negative net productivity. 
and Armstrong (1966) found that in 1965 the 
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standing crop of herbivores (expressed in mg dry weight 
per m2 of lake area) generally exceeded, and often 
greatly exceeded, the standing crop of phytoplankton, and 
. concluded that during 1965 the primary production of Devils 
Lake was not great enough to support catabolic processes 
taking place within the lake. They determined that the 
lake suffered a net loss of reduce? carbon which must have 
been derived from the large store of carbon in the sediment. 
Anderson (personal communication, 1967) measured net 
··. primary productivity of Devils Lake during 1966 and calculat-
ed it to be +1.70 gmC/m2/day. This figure represents a 
tremendous increase in net productivity over 1965. The 
ultraplankters appear to be responsible for virtually all 
of the primary productivity in Devils Lake. The cause of 
this tremendous increase in net productivity is not presently 
may be related to some essential nutrient which 
is limited by exchange between the lake water and sediment. 
Trophic level of Devils Lake.-The rate of annual 
primary phytoplankton productivity in. Devils Lake 
··. during 1965 was o. 47 gmC/m2/day. Thus the mean annual gross 
primary phytoplankton production rate for Devils Lake is 
1.03 gmCJm2/day. Devils Lake is therefore classified as an 
eutrophic lake according to the limits, given in Reid (1961, 
P. 327), for the rate of gross primary production in an 
· eu.trophic lake durin.g the most favorable growing season. 
the most favorable growing season (~une to Septemberh 
Lake attains a primary productivity rate of 
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TABLE 8 
GROSS PRI~RY PRODUCTIVITY OF VARIOUS NATURAL ECOSYSTEMSa 
Ecosystem Rate of Production 
Gms C/M2/day 
Averages for long periods-6 months to 1 year: 
Infertile open ocean, Sargasso Sea 
shallow inshore waters, Long Island Sound 
Texas estuaries, Laguna Madre 
Clear deep (oligotropic) lake, Wisconsin 
shallow (eutropic) lake, Japan 
shallow (eutropic) lake, Devils Lake, North Dakota 
Bog lake, Cedar Bog Lake, Minnesota 
Lake Erie, Winter 
Lake Erie, summer 
Silver Springs, Florida 
Values obtained for short favorable periods: 
Fertilized pond, N.C., May 
Pond with treated sewage wast.es, Denmark, July 
Pond with untreated wastes, s. D., Summer 
Silver Springs, Florida, May 
Estuaries, Texas 
Devils Lake, North Dakota, Augµst 1965 and 1966 
a.source: 
o.s 
3.2 
4 .. 4 
0.1 
2.1 
2 
0.3 
1.0 
9.0 
17.5 
s.o 
9.0 
27 
35 
23 
5 
Odum, E. P., 1959, Fundamentals of ecology (2nd 
edition.): Philadelphia, Saunders, 546 p. (p. 72, Table 6). 
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approximately 2 gmC/rn2/day. The limits for an eutrophic 
lake are from 0.5 to 5 gmC/m2/day (Reid,· 1961, p. 327). 
The rate of gross primary productivity for Devils Lake is 
compared with that of several other aquatic systems in Table 
e. These data show that Devils Lake has a moderate rate of 
gross primary production of organic matter. 
PRESENT SEDIMENTARY ENVIRONMENT OF DEVILS LAKE 
~hysical Processes 
Two of the major physical processes that influence 
sedimentary environment of Devils Lake are related to 
During the winter, sediment (predominantly coarse 
is deposited on the snow and ice by strong winds 
blowing persistently across~ the lake. When the ice melts 
in the spring, this sediment settles to the lake bottom. 
Aeolian sediment probably is continually transported to 
Devils Lake, but is visible only in the winter when it is 
trapped in snow. 
The strong and persistent winds in the Devils Lake 
region cause large waves to strike the shoreline and 
thoroughly mix the lake (see section on waves and currents). 
. ' 
most pronounced effect of this wave action is the sort-
ing of sediment in the high energy beach and shallow 
littoral zone. 
?rain-size distribution of surface sediment in Devils Lake 
Figure 13 shows the presence of a very narrow band of 
sand near the edge of the lake. Examination of Figure 17 
shows that beach and shallow littoral samples (see Figure 
23 for location of samples) are predomina~tly well-to 
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snoderately-well sorted according to the verbal sorting 
scale of Folk (1966, p. 84). Figure 18 shows that most of 
these samples come from a water depth near 1 m. However, 
several samples from greater depths of 2 to 2.5 mare 
moderately-well sorted (Figure 18), indicating the depth 
of effective wave action (for sorting) is greater here than 
in other areas. Several samples taken from shallow and 
intermediate water depths exhibit a very poor degree of sort-
ing (Figure 18) which suggests that the depth of effective 
wave action is very shallow in these localities. All of 
these samples are located (lrtgure 23) along the north 
or in Creel Bay, a.reas that receive the least intense 
most frequent wave activity. 
The sediment becomes progressively finer in texture 
more poorly sorted as the distance from shoreline in-
over 75% of the surface sediment in Devils Lake 
is composed of .subequal amounts of silt and clay (Figure 
16), and thus has a silty-clay or clayey-silt texture 
(Figure 16). Comparison of Figures 13, 14, and 15 shows a 
clayey silt, silt, and sandy silt opposite 
the entrance to Six Mile Bay (Figure 13). Big Coulee enters 
Lake on the west side of the bay (location of X in 
13). The shape of this 11 silt body 11 is somewhat 
·Suggestive of a delta. During the past three years insuffic-
water have flowed in Big Coulee to account 
or any sig;1ificant discrete source of detrital sediment to 
The presence of attached algae on rocks 
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at the mouth of the bay suggests there has been 
no significant sediment influx to the area for some years. 
:ouring the early and middle 1950's, there were considerable 
volumes of water flowing through Big Coulee into Devils 
k Therefore, it is not unreasonable to assume that at La e. 
times during the relatively recent past (100 years) signifi-
cant amounts of sediment have been.contributed by Big Coulee, 
and that hydrodynamic processes (waves and currents) have 
not had time to redistribute the material. 
The band of ·predominantly sand-sized sediment is 
generally restricted to a water depth of 1.5 m (Figure 13), 
which is probably the depth limit of persistent wave action 
competent to remove silt and clay. The broader areas of 
75% sand (Figure 13) reflect proximity to 
shoreline covered by large expanses of well-sorted sand and 
deposited during higher stands of the lake. 
Chemical Processes 
The one chemical process contributing the bulk of 
Primary chemical material to the sediments is calcium 
.carbonate precipitation. Carbonate minerals constitute 
approximately 25% (by weight) of the sediment. The other 
contributing authigenic material to the 
Sediment is deposition of organic matter derived mainly 
rom organic material produced within the lake (plankton 
banthos). The organic matter content of the sediment 
Bl 
approximately 10% by weight. 
rbonate saturation of Devils Lake water 
calcium carbonate equilibria.-The basic carbonate 
are: 
CO2+ H2o ;.! H2C03 
H2C03. H+ + HC03-l 
HC03-l ~ W + C03-2 
calcium carbonate equilibria can be expressed in 
way: 
H20 'lt CO2 
caco3 + H2C03 = ca+2 + 2HCo3-l 
is the essential reaction for understanding carbonate 
in nature (Krauskopf, 19671 p. 52). Consideration 
equilibria illustrate that any process that increases 
he amount of CO2 available to the solution ca.uses more 
aco3 to dissolve. On the other hand, anything that decreases 
amount of co2 causes precipitation of CaC03. some of 
.he more important natural processes that affect the solubil-
ty of Caco3 through changes in position of the equilibria 
re temperature changes, pressure changes, organic activity 
.·ncluding photosynthesis, and organic decay (Krauskopf, 
P. 53-54). 
_£a,·Mg carbonate equilibri.a.-The dolomite equil-
are basically the same as the general carbonate equil-
(MC03 + H2C03 = M+2 + 2HC03-1 ), except that there are 
present in subequal aT.ounts. '!·he fact that 
believed to rarely precipitate from natural 
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at nor.:nal temperatures and pressures makes the 
establishment 
the formation 
+2 Mg + 2caco3 
of such an equilibria unrealistic. Thus, 
of dolomite is usually expressed: 
~ CaMg(C03)2 + ca++ (Karuskopf, 1967, p. 87). 
of dolomite is favored by concentrated 
natural solutions (brines) which have high Mg/Ca ratios 
(25 to 40) and usually have been evaporated to the stage of 
precipitation. These solutions react with solid 
the sediment (or rock) and form dolomite through 
and reprecipitation of the carbonate ion rather 
by solid state diffusion of calcium and magnesium 
through the crystalline carbonate lattices (Berner, 
p. 2) .-
Carbonate calculations for Devils Lake water.-The 
calcite and dolomite saturation calculations used in this 
·. report are fully explained in Table 9. Equilibrium constants 
at different temperatures were taken from 
Christ (1965, p. 89), while those for dolomite 
were established by comparison with calcite data. In the 
original calculations, inorganic complexing of various 
carbonate ions was not accounted for. The resulting 
.saturation values were found to be far in excess of what 
would be reasonable for Devils Lake. Through the work of 
~arrels and Others (1961) and Berner (1965), it ha~ 'been 
found that inorganic complexing of calcium and carbonate 
ions control the solubility of carbonate minerals in sea 
The writer found (see section on physical chemistry) 
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TABLE 9 
~ION OF ION ACTIVITY PRODUCT (IAI?) FOR CaC03 .AND 
· caMg (C03) 2 SATURATION IN DEVILS LAKE 
tivity coefficient of various carbonate ions in 
ils Lake water of differing ionic stremgth. 
·ronic Strength 
Activity Coefficient 
. Ca+2 Mg+2 Co3-2 
• 263 
.305 
.412 
.31 
.30 
.27 
.36 
.35 
.32 
.29 
.28 
.25 
of various carbonate ions in Devils Lake 
Ion % Free Ion 
ca+2 43% 
Mg+2 l 
HC03-l 75 
C03-2 9 
tivity product constant (l<AP) of various carbonate 
nerals. 
Carbonate Mineral l<AP @ 2soc 
Calcite1 4.0 X 10-9 
Aragonite1 6.3 X 10-9 
Dolomitel 1.0 X 10-l? 
"rce of KAP data: Berner, R. A., 1967, Comparative 
,ssolution characteristics of carbonate minerals in the 
·" sence and absence of aqueous magnesium ion: Am. Jour. 
1., v. 265, p. 45-70. 
IAP caleite = aca+2. a co -2 
. 3 
= (Mca +2 • l'ca+2) (Mco3-2 
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TABLE 9 --continued 
Y= activity coefficient=activity coefficient listed in 
part A times% free ion listed in part B. 
Kcalcite = thermodynamic solubility constant=KL~.P calcite 
saturation of Devils Lake water with respect to ca.lcite: 
If IA.Pcalcite is greater than !<calcite' water is 
supersaturated. 
If IAPcalcite is equal to Kcalcite' water is 
saturated. 
If IAPcalcite is less than Kcalcite, water is 
undersaturatect. 
Aragonite. 
Exactually the same as for calcite, except that Kcalcite 
becomes Karagonite• 
Dolomite 
IAPdolomite = aca+2 • a.Mg+ 2 • 
= (Mca+2 • Yca+2) 
v -2)2 
o C03 
Yhas same meaning as defined in part D. 
Saturation of Devils Lake water with respect to 
dolomite: 
- If IAPdolomite is greater than Kdolomitei water ls 
supersaturated. · 
If IAPd 1 . t is equal to l< ·.olomi· tei water is· saturatea. 0 omi e ·'O 
If IAP0~010~i·te i_s less than Kdolomi·tei water.is Und t - . ersa urate. 
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that 91% of the analytical co3-
2
, 47% of the Ca+2 , and 99% 
of the Mg+2 in Devils Lake water is complexed and cannot 
combine chemically to precipitate as solid carbonate. 
Therefore, the activity of ~alcium, magnesiu.~, and carbonate 
represent the product of the activity coefficient and the 
molar concentration of free ions 
saturation of Devils Lake with respect to various 
---- ---
carbonate minerals.-Figure 20 shows the variation in calcite 
and dolomite saturation calculated for Devils Lake water 
from chemical analyses made during 1965, 1966, and the 
i . i +2 -2 first half of 1967. The var ations n Ca , co3 , pH, and 
M Mg/M Ca ratio overt.he study period are also graphed. The 
graph shows that Devils Lake water was supersaturated 1;-1ith 
to calcite during all of the study period except 
one sample taken in February, 1966, when pH and carbon-
content were exceptionally low for Devils Lake. Pro-
duction of co2 by organic decay could have caused this 
decrease: but what is more likely is that the increase 
CO2 resulted from respiration of zooplankton found to 
flourishing in great abundance beneath the ice when the 
sample was taken. In fact, the crustacean population was 
in biomass beneath the ice during both 
inters (Anderson, 1967, personal communication). Young 
(1924, p. 89..;90)._ found tha>.t Diaotomas, · the most important 
in Devils Lake, occurred in greater abundance 
winter and early spring than in midsummer. 
production of co2 probably accounted for 
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I 
I 
I 
I 
I 
I 
the lowering of pH (from 8.8 to 8.3 in 1966 and 9.p to 8.6 
I 
in. ].967) and the accompanying decrease in calcite /saturation,. 
I 
pevils Lake is also supersaturated with resJ/,ect to 
I 
I 
.aragonite (KAP·= 7.oxio-9) throughout the study period. 
I 
I 
ion activity product (IAP) of caco3, which varie1 from 10 
I 
to 21 x 10-9 in Devils Lake, indicates that the ~ater is 
I 
i 
undersaturated with respect to calcite cont.ainin~ approx-
imately 13 mole% Mgco3 • 
I 
. I 
The apparent solubility product 
I 
I 
The 
constant (K'sp) of this disorderep calcite is e$timated to 
i 
be 3.0 X 10-7 (Chave and others, 1962, p. 33). /The fact 
that activity coefficients of various ions inv0;lved in the 
I 
carbonate saturation calculations were calculated and not 
I 
I 
I 
measured, that the additional 5 mole% of Mg W</lS not 
included in the calculations, and that disorde/red calcite 
. i 
I 
I 
is the predominant carbonate mineral in the sediment from 
i 
i 
I 
the -:·1ater.:sediment: interface suggest Devils L*ke water is 
·near saturation with respect to disordered 
The variation in dolomite saturation 
cal.cite. 
I 
I 
I 
of; Devils 
I 
during the study period is much more pronoun~ed than that 
i 
calcite. I The lake is highly supersaturat~d with respect 
to dolomite during July and August 1965, Jurle, July, and 
I 
I 
August 1966, and May and June 1967. These ieriods corres-
' . 
I 
I 
times of peak primary productivity phen phytoplankton 
dissolved co2 and aco3-l during phtjtosynthesis 
·which drives the carbonate equilibria in tie direction of 
I 
c,rbonate supersaturation. 
I 
I 
Comparison of tigures 11 and 20 
I 
Shows a st . / 
rong direct correlation between /Primary 
I 
I 
I 
I 
i 
I 
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productivity and carbonate saturation. During the late 
·fall, winter,.and early spring when the crustacean population 
increases relative to the primary producers (algae and 
diatoms) and decay of organic matter produces more dissolved 
carbon dioxide, the pH lowers and dolomite saturation 
decreases substantially. Much of this decrease in super-
saturation results from the increased solubility of 
dolomite at lower temperatures. Table 10 presents the 
results of carbonate saturometer measurements. The saturo-
. . , 
meter technique (Weyl, 1961) actually measures the departure 
- from saturation of solid carbonates by monitoring changes 
in pH of natural soluti.ons that have been saturated with a 
particular carbonate mineral placed in intimate contact 
with the H+-sensitive electrode. Reference to the fundamen--
tal carbonate equilibria, MCo3 + a 2co3 ~ M+ 2 + HCo3-l, shows 
that a decrease in pH represents supersaturation of the 
.solution with respect to the carbonate mineral as solid 
carbonate is precipitated, ·thereby releasing H+. An 
in pH represents undersaturation as hydrogen ions 
up dissolving some of the solid carbonate in order 
the solution to equilibrium with the carbonate 
Water samples, which had been stored for 6 to 18 
in the laboratory and undoubtedly had increased their 
. dioxide content (by respiration, orga~ic decay, 
bsorption of CO ) 
.. • 2 , were still supersaturated with respect 
reagent grade calc1· te. The water samol'es 1 - , ana yzed only 
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TABLE 10 
CARBONATE SATUROMETER MEASUREM.ENTS OF VARIOUS DEVILS 
LAKE WATER SAMPLES 
sample sample Orig. pH .. pH pH Analysis 
oate Depth (m) pH Calcite Crustc Dolomitec Date 
9/13/65 1.0 7. 68 -.28 3/29/67 
9/ 5/66 1.0 8.92 -.39 It 
9/ 5/66 3.5 B.78 -.58 H 
9/17/66 3.5 8.70 -.57 II 
12/31/66 1.0 a. 67 -.40 It 
3/29/67 2.0 8.69 -.74 -.3sb +.32 4/18/67 
3/29/67 3.0 8.10 -.83 
, 
II 
5/ 6/67 .5 s.94 -.70 -.40 +.17 5/ 8/67 
5/13/67 1.0 9.02 -.86 -.38 +.17 5/15/67 
5/13/67 3.5 8.92 -.91 -.19a +.15 5/16/67 
5/30/67 1.0 8.98 -·. 92 -.26a -.09 5/31/67 
5/30/67 3.5 8.94 -.90 -.26 -.10 6/11/67 
6/15/67 1.0 8.86 -.as -.32a -.45 6/30/67 
6/21/67 1.0 8.81 -.so -.2sa - .. 59 6/30/67 
Distilled 
+2.90b water 5.50 +2.35 4/15/67 
a New ground carbonate crust of coarser grain size. 
b carbonate material not annealed. 
c Carbonate minerals dried@ 900C for 72 hours. 
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after collection of sa'llples, show ma.rked super-
wi th .respect to calcite. A typical saturometer 
on sea water (Berner, 1966, p. 17) shows: 
original pH == 8.18, PHcalcite • 7 .• 77, and PHaragonite = 7. 94. 
comparing these measurements with the Devils Lake data show 
the change in PHcalcite for sea water is -0.41 while 
for Devils Lake water (Table 10) is -0.80. Devils 
appears to be considerably more supersaturated than 
with respect to calcite. Assuming the dissolved 
, 
system of Devils Lake approximates that of sea 
the saturometer calibration for sea water (Weyl, 1961, 
can be used to estimate the supersaturation of 
Lake water in ppm Caco3 • 1' .. change of o. 20 pH units 
, corresponds to 12 ppm caco3 •. Thus, aApHcalcite = -0.80 
for Devils Lake indicates that it is supersaturated by 
50 ppm calcite. Tnis figure may be too low 
by Berner (1965, p. 958) indicate 
sea water is supersaturated by 50 ppm 
Similar calculations for Devils Lake indicate 
that it is supersaturated by 100 ppm calcite. Thus, all that 
an be said is that Devils La,ke appears to be approximately 
supersaturated with respect to calcite than sea 
Additional saturometer measurements on Devils Lake 
using t:ie carbonate crust from rocks located at the 
of the lake o.ntermittently covered by water) and dolomite 
Sing Sing, New York, indicate that the lake water is 
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to supersaturated with respect to a mixture of 
and high-magnesian calcite (approximately 2:1 
ratio of aragonite to magnesian calcite by weight in the 
. crust) and slightly undersaturated to saturated with respect 
do~omite. 
The results of saturometer ~easurements generally 
with saturation calculations discussed in the 
previous section, and have the advantage over these 
calcalations in that they actually measure departure from 
.. 
saturation of the solution in contact with any particular 
carbonate phase{s). 
: Depositi.on of 01:ganic matter 
The organic matter contributed to the sediments of 
Lake is largely a result of organic productivity 
the lacustri:ne environment. The measured (2 years) 
:net organic productivity of Devils Lake is a.so gmsC/m2/day 
approximately 288 gmsC/m2/year. Convert-
carbon sedimentation rate to terms commonly 
in sedimentology, mg/cm2/year, the rate becomes 
mg C/cm.2/year. The most recent radiocarbon date on 
comes from a depth of 76 cm in Devils 
· ake core 120 and has a radiocarbon age of 1120 !60 years 
{radiocarbon analysis made by Dr. Minze 
Yale University Geochronometric Laboratory, 
,alysis Number Y-1821). The calculated absolute total 
dimentation rate (see chapter on core analysis) ba.sed 
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these data is 50 mg/cm 2/year. The organic matter 
the predimina.nt surface sediment type (silty clay) 
in oevils Lake is approximately 10% by weight. Therefore, 
the absolute sedimentation rate of organic matter is approx-
2 imately 5 mg/cm /year. This sedimentation rate is co~put" 
ed using the present organic content of the sediment, which 
be the same as the original organic content. This 
sedimentation rate calculated from C-14 data is 
less than one-quarter of that calculated from productiv-
, 
Either the calculations are grossly inaccurate 
other factors have not been considered. 
If one-third of the phytoplankton ultimately reach 
sediment and the remainder are eaten by consumers, 
mainly zooplankton, then the figure becomes somewhat more 
realistic as one-third of 28.8 is 9.6 and one-half of 19.2 
·. is 9.6 {one-half the dry weight of zooplankton is carbon) 
(Anderson and Armstrong, 1966, p. 160) which totals 19.2 
mg/C/cm2/year. This means that approximately 19 mg C is 
deposited per cm during one year. Because the organic 
of the sediment presently being deposited 
in Devils Lake is 12% by weight (based upon organic carbon 
of water-sediment interface samples), then the 
matter sedimentation rate cal~ulated from C-14 data 
7 mg C/cm2/year. This value is somewhat less than 
half the sedimentation rate based upon annual production 
matter in Devils Lake. Therefore,. it seems 
reasonable to conclude that more than half of the organic 
II 
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deposited to the sediments of Devils Lake is lost, 
that is, regenerated. This carbon is either lost through 
oxidation to carbon dioxide or through processes associated 
with organic decay. 
·Emery and others (1955) found that in several marine 
basins off southern California regeneration of nutrients 
from the sediment amounted to less than 1% of the annual 
requirements of phytoplankton and that regeneration in the 
. overlying water was. much more imp;::>rt,mt., However, perm-
anent losses of organic matter from the sediment are 
significant over a long period of time (thousands of years) 
and can amount to one-half of the original content in 
oxidizing environments (Emery, 1960, p. 273). Devils Lake 
presently is a highly oxidizing environment where the 
oxygen is replenished daily or even hourly. The presence 
of abundant dissolved oxygen undoubtedly causes oxidation 
and regeneration of sizeable quantities of organic matter 
.produced annually in Devils Lake. 
Chemical and .Mineralogical Composition of Devils Lake 
surface Sediment 
Sediment from the water-sediment interface 
Chemical composition.-Table 11 presents the chemical 
for sediment taken from the water-sediment interface 
Appendix I for definition) during a period July, 1965 
to August, 1966. These samples were taken from the middle 
lake. Although there are variations between 
chemical composition, they don't appear very 
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TABLE 11 
" CHEMICAL DATA FOR WATER-SEDIMENT INTERFACE SA.I"'J.PLES TAKEN 
FROM THE MIDDLE OF DEVILS LAKE DURING 1965-1966 
sample % ca % Hg % Co3 % Organic % Total % Fe % P".""P04 
Date carbon Nitrogen 
--
7/15/65 6.6 4.1 10.4 5.9 .es 1.3 • 53 
8/ 1/65 6.3 4.3 9.6 6.0 .76 1.2 • 57 
8/ 9/65 6.4 4.8 8.6 5.8 .70 1.2 • 51 
8/19/65 6.5 4.6 9.7 6.6 .79 1.4 .51 
B/29/65 5.8 4.6 8.8 6.3 .76 1.3 .49 
9/ 6/65 6.5 7.8 11.4 6.'3 • 66 1.4 .72 
9/15/65 5.7 5.7 10.3 6.4 .82 1.3 • 53 
9/26/65 5.4 5.2 10.4 6.1 • 67 1.3 • 49 
10/10/65 5.8 5.8 10.5 6.1 .70 1.4 .55 
.11/ 6/65 7.1 4.0 9.3 5.5 .63 1.3 .65 
12/ 5/65 7.0 3.8 10.9 6.2 .86 1.4 • 55 
12/29/65 6.3 3.8 8.2 5.2 .66 1.2 .47 
2/ 8/66 5.2 3.7 7.9 4.7 • 60 1.0 .46 
2/27/66 6.3 4.2 9.B 5.9 • 74 1.3 .48 
S/12/66 6.4 3.5 11.0 7.7 .80 1.5 .45 
6/ 8/66 6.8 3.7 12.9 7.7 .83 1.8 .42 
6/28/66 5.6 3.4 10.7 5.9 .72 1.6 .40 
7/11/66 6.5 3.2 13.5 5.9 .65 1.4 .37 
7/26/66 N.A. N.A. 11.5 6.4 • 66 1.4 .42 
8/10/66 II ii 12.7 6.0 .59 1.7 .22 
8/24/66 II ll 11.0 6.5 .77 1.5 ·.44 
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Figure 21.--:--Calcium as a function of magnesium (A),and 
(B) for Devils Lake water-sediment interface samples. 
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Figure 22 .--Calcium as a function of carbor.ate (A} , 
.~rganic carbon as a function of total nitrogen (B) for 
s Lake water-sediment interface samples. 
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with the exception that the average carbonate 
of samples from July 15, 1965 through February 27, 
9.7% while that of samples from May 12, 1966 through 
. August 24, 1966 is 12. 0%. This is a 20% increase in carbon-
ate and probably reflects the influence of greater primary 
productivity which occurred in 1966 as opposed to that of 
undoubtedly more primary carbonate precipitated 
1966 as a result of increased primary productivity. 
The average chemical compos.;i.tion of the water-sediment 
interface material overlying firm sediment is: 6.1% ca, 4.0% 
,Mg, 11.0% co3 , 6.3% organic ~' o. 72% total N, 1.5% Fe, and 
The average pH of this slurry is 8.7 and the Eh 
The average pH of the water above this 
8.90 and the Eh is +350 millivolts. 
There is a poor correlation between calcium and iron, 
fair correlation between calcium and magnesium as 
The correlation between calcium 
d magnesium is inverse. There is a good correlation 
between calcium and carbonate, and a very good 
between organic carbon and total nitrogen. It 
calcium and iron are not controlled by 
he same sedimentary processes • .tt1ost of the calcium is 
from carbonate minerals while the iron has a detrital 
On the other hand, calcium and magnesium, calcium 
: .. rd carbonate, and ora..,anic cab d t t 1 
.. r on an o a ni trog'en 
Pear to be controlled by th 
e same sedimentary processes. 
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Mineralogical composition.-The mineralogical data for 
the carbonate fraction of water-sediment interface samples 
are presented in Table 12. Since carbonate minerals are 
the major authigenic minerals in the sediment, only these 
will receive quantitative examination in this report. It 
is immediately apparent that the disordered calcite mineral 
(magnesian calcite) constitutes approximately 50% of the 
total carbonate mineral content. Ionic substitution of 
Mg, Fe, and Mn for Ca in calcite ~auses disordering of 
the calcite structure and thus a different reflection on 
the X-ray diffractogram (Gulbrandsen, 1960, p. 92). The 
presence of a bimodal calcite peak in the diffractograms 
from all samples indicated that a disordered calcite 
mineral was present. X-ray diffraction analysis of till 
samples (Table 16) showed that this disordered calcite dld 
not occur in the glacial till surrounding the lake. Since 
Mg, Fe, and Mn can substitute for Ca in the calcite 
structure, an attempt was made to analyze the elements 
present in the carbonate fraction of several sediment 
samples in order to determine whether Mg or Fe was respon-
sible for the substitution. The results of these analyses 
are presented 1.·n Table 13. o· till d t · 
. 1.s e -wa er extracts show 
a Predominance of Mg over Fe, while extracts of the carbon-
ate fraction using o. 2~t .HCL sh· o··1 that 
v some iron may be 
. Prese. nt in the carbonate minerals and t-hus 
- in the disordered 
Calcite 
• Calculations using chemical data from the water-
sa~ples indicate that at least 95% of the 
analytical 
-
-
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comes from the carbonate minerals, while only 25% 
.of the analytical magnesium comes from dplomite and dis-
calcite. It is believed (see later sectiori) that 
this magnesium comes from clay minerals, and it is 
.not inconceivable that some.of the analytical iron is also 
from this source. Therefore, it is concluded that 
the disordering of the calcite results from sub-
stitution of Mg for Ca as the Fe does not occur in sufficient 
quantity to accoune for all the disordering. Also, there 
, 
is much more dissolved magnesium than iron in Devils Lake 
(Mg exceeds Fe by 1000 times). 
'l~able 12 sho,1s the presence of aragonite in all samples. 
mineral also is not present in till samples from 
around the lake. Thus both magnesian calcite and aragonite 
primary authigenic carbonate minerals in Devils Lake 
constitute approximately 60% of the carbonate minerals 
to t~e sediment. They also appear to be the only 
carbonate minerals that vary significantly during the study 
These fluctuations are almost certainly related to 
productivity which affects the carbonate equilibria 
extraction of co2 and HC03-l during photosynthasis 
sedime::it 
£.hemical composition.-Table 53 in Appendix II presents 
chemical data for surface sediment samples taken from 
Lake. 
23. 
The location of these sa~ples is shown in 
It would be interesting to compare the average 
MINERALOGY OF THE CARBONATE FRACTION OF DEVILS LAKE SEDIMENT-WATER XNTERFACE SAMPLES 
Sample % % % Mg % % Calcite MgCalcite Aragonite 
Date co Calcite Calcite Dolomite Aragonite Dolomite Dolom:ite -no1omlte 3 
7/15/65 9.4 3.27 8.42 3.01 0.1s 1.09 2.80 0.26 
8/ 9/65 8.6 2.85 8.43 2.50 0.43 1.14 3.37 0.17 
8/29/65 s.s 4.23 4.90 3.90 1.31 1.0B 1.26 0.34 
9/ 6/65 11.4 4.17 10.04 3.14 1.51 1.32 3.31 0.46 .... 0 
0 
J.0/10/65 10.5 4.02 7.11 4.82 1.23 0.84 1.48 0.26 
\ 
11/ 6/65 9.3 3.85 6.,14 4.41 o. 78 o.a1 1.39 0.18 
12/ 5/65 10.9 4.33 7.38 4.83 1.,25 0.90 1. 53 o. 26 
2/27/66 9.8 3.,59 6.96 4.66 0.81 o. 77 1.49 0.17 
5/12/66 12.0 3.59 9.33 5.14 1.59 o. 70 1.81 0.31 
6/ 8/66 13.5 3.59 12.10 4.53 2.10 o. 78 2.67 0.46 
7/11/66 13.7 s.oo 11.59 4.19 2.00 1.18 2.76 0.48 
8/10/66 11.4 3.79 9.27 4.00 1.70 o.95 2.32 0.42 
-
.. 
•. -fr..;:.._. 
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TABLE 13 
\CHEMICAL COMPOSITION OF THE CARBOMATE FRACTION EXTRACTED 
·· (A) WITH DISTILLED WATER, AND (B) WITH • 2N HCl FROM 
DEVILS LAKE SEDIMENT-WATER INTERFACE SAMPLES 
wt. % wt. % wt. % wt. % 
Calcium Magnesium Iron Analytical 
Carbonate 
A 
~, 
·;e/ 9/65 • 643 .943 ... none e.62 
'.t8/29/65 • 621 .449 none 8.82 
;r}g/ 6/65 .497 .523 none 10.96 
2/ 5/65 .. 497 .449 none 10.89 
B 
s.22 2.91 .43 8.62 
5.33 2.91 .47 8.82 
5.96 2.91 .46 10.96 
5.96 2.76 .46 10.89 
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chemical composition of the fine-grained sediment with that 
of sediment from the water-sediment interface to see 
whether the material ultimately deposited to the sediment 
has the same composition as the sediment. The average 
chemi~al composition of fine-grained (silty clay) surface 
sediment is: 5.5% Ca, 3.3% Mg, 1.6% Fe, 10.2% co3 , 5.1% 
organic c, and 0.65% total N. Comparison with water-sediment 
interface data (Table 15) shows no significant differences 
betvreen the two sedimentary populations. This should be the 
.. 
case unless significant chemical diagenesis has occurred 
since incorporation of the material from the water-sediment 
region into the cohesive surface sediment. 
Reference to Figures 24, 25, and 26 sho,·1S there is 
only a fair positive correlation betw~en carbonate and 
water depth, and between carbonate and median grain size. 
This suggests that water depth is not a controlling factor 
in carbonate deposition and that no particular textural 
type of sediment contains the majori'ty of the carbonate, 
although there is definitely more carbonate in the finer-
grained sediment. The fjner-grained sediment (silty clay) 
generally occurs at water depths greater than 2.5 m (8 feet). 
On the other hand, calcium has a high degree of correlation 
with magnesium and with iron (correlation coefficients:::: 
+0.95). Some process is controlling the distribution of 
these elements. Examination of Table 18, a correlation 
coefficient matrix calculated for the surface sediment 
data, shows that all the chemical parameters are related 
4. 
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Figure 24.--Water depth as a function of carbonate (A), · 
and carbonate as a function of median grain size (B) for 
Devils Lake surface sediment sarnples. 
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25.--Calcium as a function of magnesium (A),and 
Devils Lake surface sediment samples. 
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to sediment texture (correlation coefficient= approx-
imately +0.66). This suggests that the variation in 
chemical content reflects dilution of fine-textured 
sediment with qoarser, relatively unreactive (chemically) 
detrital sediment. 
Calcium has a high degree of positive correlation 
(correlation coefficient= +0.93) with carbonate. Most 
·of the calcium (90%) is derived from the carbonate 
minerals. The high degree of positive correlation between 
; 
organic carbon and total nitrogen results from the fact 
that most of the organic matter in the sediment is believed 
to originate from one source: organic production in the 
lake. 
Mineralo~ical composition.-Table 14 presents the 
data on the carbonate mineral composition of the su~face 
sediment. Calcite accounts for 28%, magnesian calcite 22%, 
dolomite 40%, and aragonite 10% of the total carbonate mineral 
suite. This is contrasted with the mineralogical composition 
of the water-sediment interface samples (Table 12) where 
calcite composes 22%, magnesian calcite 50%, dolomite 21%, 
and aragonite 7% cf the total carbonate mineral suite. 
Obviously there is a substantial difference in the 
magnesian calcite and dolomite content between the two 
sediment populations. Ratios between the various carbon-
ate minerals (Table 16) for both sediment populations 
plainly show that the amount of dolomite has increased, 
and magnesian calcite decreased, from the water-sediment 
TABLE 14 
MINERALOGY OF THE CARBONATE FRACTION OF DEVILS LAKE SURFACE SEDIMENT SAMPLES 
Sample % % % Mg % % Calcite MgCalcite Ara!onite 
Numbt3r C03 Calcite Calcite Dolomite Aragonite Dolomite Dolomite Do omite 
3 10.4 4.15 5.81 5.57 1.38 0.74 1.04 0.25 
11 9.9 4.48. 5.08 5.81 0.83 0.11 a.BB 0.14 
17 11 .. 5 s. 51 0.3.9 12.14 none 0.45 o.03 
24 11.7 s.os 4.27 6.97 2.52 0.12 0.61 0.36 I-' 0 
...J 
28 s. 0 . 4.25 1.49 6.98 none 0.61 0.21 
' 36 11.7 6.34 4.75 4.83 3.11 1.31 0.98 0.64 
41 11.9 4.95 3.15 7.47 1.78 0.66 o.42 o.24 
50 ·11.0 5.29 5.39 5.38 1.83 o.9a 1.01 0.34 
53 11.7 5.45 5.34 6.81 1.36 0.80 o.79 0.20 
67 9.3 4.17 2.37 7.41 0.93 o.s6 0.32 o.13 
69 14.0 7.44 4.50 6.42 4.42 1.16 0.10 o.69 
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interface to the surface sediment. Approximately 50% of 
the magnesian calcite in the water-sediment interface 
s~~ples has been lost by the time it becomes part of the 
oermanent sediment. On the other hand, the permanent 
. . 
surface sediment has gained approximately 50% dolomite. 
The only logical conclusion that can be drawn from these data 
is that some of the magnesian calcite has gone into solution 
and dolomite has subsequently formed by reaction of 
magnesium with solid calcium carbonate. It appears t..~at 
postdepositional alteration of magnesian calcite to 
dolomite (via solution and reprecipitation of the carbonate 
ion; Berner, 1966, p.2) is an important precess affect-
ing the carbonate mineralogy of sediment deposited in the 
past 150 years. The diagenesis of carbonate minerals in 
Devils Lake will be discussed in greater detail in the 
chapter on carbonate diagenes!s. 
In connection with this carbonate diagenesis, Table 
14 shows that samples 17 and 28 contain much less magnesj.an 
calcit.e and no aragonite. Both samples are located at the 
edge of the lake (Figure 23) and probably are in contact 
with ground water seeping into these areas through porous 
sand and gravel which rim the lake (Figure 13). Personal 
observations on the sediment located at the mouth of Six 
Mile Bay (Figure 23), where the water is very shallow, 
show that abundant algae grow attached to rocks and 
boulders which are covered. on both sides with a carbonate 
crust. Part of the carbonate content of this sediment may 
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have resulted from carbonate precipitation from ground-
water solutions. These solutions, highly charged with 
dissolved carbon dioxide, as ground water frequently is, 
lose much of this carbon dioxide upon entering the lake, 
resulting in a pH increase and shifting of the carbonate 
equilibria in the direction of carbonate supersaturation. 
Berner (1966, p. 34) found that metastable carbonate minerals 
(high-m~gnesian calcite and aragonite) readily undergo 
recrystallization to stable low-rqp.gnesian calcite in 
fresh ground-water solutions. 
The non-carbonate mineral content of Devils Lake 
surface sedi~ent, detennined from X-ray diffractograms of 
8 samples, consists of approximately 40% to 50% quartz, 5% 
to 15% feldspar (plagioclase always greater than potassium 
• feldspar), and 15% to 25% layered silicates (clay minerals). 
X-ray diffraction analysis of the clay fraction from four 
surface sediment samples showed the presence of kaolinite, 
illite, montmorillonite, and mixed-layer clay composed of 
predominantly montmorillonite and illite. Illite and 
. montmorillonite are generally the most abundaP-t clay 
minerals (Table 27). 
Source of sediment in Devils Lake 
Table 15 presents the average chemical composition 
and Table 16 gives the average carbonate mineral composition 
of eight glacial till samples collected from around Devils 
Lake (Figure 23). Till surrounds the lake except in the 
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vicinity of Sulleys Hill located at the southern edge of 
Main Bay and is the only sediment source·for Devils Lake. 
Approximately 99% of the drainage basin of Devi'ls Lake 
(1800 square miles) consists_ 9f till e}s.-posed to the agents 
of weathering and transport. Comparison of chemical and 
mineralogical data for till samples and Devils Lake sediment 
samples shows tha.t the till has essentially the same 
chemical composition as lacustrine sediment. The iron 
content is nearly the same in both till and lake sediment. 
# 
The till contains a minor amount of phosphorous presumably 
as phosphate minerals derived from Pierre Shale. 
Calculations using chemical and mineralogical data 
from the till samples indicate that 90% of the analytical 
calcium and ma.gnesium in the till cas be accounted for 
with the carbonate minerals calcite and dolomite. In contrast, 
90% of the calcium, but only 50% of the magnesium can be 
accounted for by carbonate minerals in Devils La~e sediment. 
The carbonate mineralogy of the till samples consists 
of only calcite and dolomite. This fact adds strong support 
for the primary authigenic origin of high-magnesian calcite 
and aragonite in Devils Lake. Table 57 in Appendix II gives 
chemical data for two Pierre Shale samples taken from 
Sulleys Hill. The weathered sample contains much less 
carbonate, but otherwise the chemical composition of both 
samples in essentizlly the same. I?ure Pierre Shale 
constitutes only a minor source of Sediment in Devils Lake. 
However, as a major constituent in glacial till surrounding 
-
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TABLE 15 
AVERAGE CHBI1.ICAL COMPOSITIONS OF TILL SAMPLES FROM. A.ROID,.1D 
DEVILS LAKE, ·;vATER-SEDIMEN'r INTERFACE SZ..MPLES FROM THE 
MIDDLE OF DEVILS l...ZlJ<E, ~l:\..:..~D FINE-GRATI1ED SURFACE 
SEDIME!JT S~ .. '1.PLES 
Chemical .Till water-Sediment Surface Sediment 
Constituent Samples Interface Samples Samples 
(% dry wt) 
% Ca 1.0 6.1 5.5 
% Mg 1.9 4. 0., 3.3 
% Fe 1.3 1.s 1.6 
% co 3 11.0 11 .. 0 10.2 
% Organic 
Carbon N.A. 6.3 s.1 
% Total 
Nitrogen N • P,.. 0.12 0.65 
% P··P04 0.11 o.46 N.A. 
!'I' 
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TABLE 16 
AVERA.GE CARBONATE MINER.:!U. COMPOSITION AflD RA:rIOS OF TILL 
SAMPLES FROM AROUND DEVILS LAKE, '.'7ATER-SEDIMENT INTERFACE 
SAMPLES FROM THE MIDDLE OF DEVILS LAKE, AND FINE-GRAINED 
SUR:B'ACE SEDIMENT S!w'll?LES 
Mineral Till water-sediment Surface Sediment 
(wt. %) samples Interface Samples Samples 
calcite 8.5 3.8 5.2 
Magnesicm none 
calcite present 8.6 , 3.9 
Dol0tttite 7.5 3.7 6.9 
Aragonite none 
present 1.3 1.7 
Calcite 
Dolomite 1.13 1 .. 03 o. 75 
Mg Cal~ 
Dolomite 2.33 o.57 
~agonit~ 
Dolomite 0.35 0.25 
!19: Calcite 
Calcite 2.32 o. 75 
Ara5ronite 
Calcite 0.34 0.33 
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Devils Lake, Pierre Shale is a major sediment source as it 
the Plaeozoic carbonate content of the till. 
summary of the present sedimentary environment of Devils 
Lake 
-
There are several major processes affecting sedimenta-
tion in Devils Lake. Relatively continuous wave action tends 
to sort the near-shore sediment., producing a band of littoral 
sand surrounding a large central area of silty clay. 
sediment influx via Big Coulee du"'ring the recent past may 
be responsible for a large area of sandy silt and silt 
opposite the mouth of Six Mile Bay. 1 
Biological activity is the most important single 
process affecting sedimentation in Devils Lake. Extraction 
of carbon dioxide and bicarbonate during photosynthesis 
raises the pH and shifts the carbonate equilibria in the 
direction of carbonate precipitation. Biologic productiv-
ity in Devils Lake is the main source of organic matter 
deposited annually to the sediment. Calculations indicate 
that at least 50% of this organic matter is regenerated 
to the aquatic environment by oxidation and anaerobic 
decay. 
Factor analysis of the surface sediment data indicates 
that there are two dominant sedimentary processes operative 
in Devils Lake. one., a physical process., affects the grain-
size distribution of lacustrine sediment while the other., a 
biochemical process., affects the chemical nature of the 
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sediment. Table 17 shows that in factor I %Ca, %Mg, %Fe, 
%C03 , % organic c, and 56 total N are all' intimately related. 
They have positive factor loadings which do not deviate 
appreciably from 0.930. water depth, % silt, % clay, median 
diameter, and sorting exhibit positive loadings which deviate 
somewhat from 0.800 in factor III. Sand appears to be 
mutually exclusive of both processes because it exhibits 
negative loading values in both factors I and III. The 
size and availability of sediment influence the grain-size 
,,. 
distribution of sediment in Devils Lake, but the depth of 
effective wave action (2.5 m) ultimately determines the 
distribution of much surface sediment. The contribution of 
sediment by the loan influent to Devils Lake (Big Coulee) 
certainly affects the size distribution of sediment near the 
mouth of Six Mile Bay. 
The presence of high-magnesian calcite in the surface 
sediment suggests that some of the carbonate is biogenic 
in origin. Chave ·( 1954) states that there is no evidence 
of inorganic processes forming high-magnesian calcite 
under surficial conditions, and this appears to be generally 
true. However, there are no algae in Devils Lake that 
utilize carbonate during their growth processes and secrete 
skeletal carbonate. The only calcareous organisms present 
in any abundance are ostracods, and they rarely secrete 
high-magnesian calcite (Chave, 1962, p. 219). On the other 
hand, Skinner (1963) showed that high-magnesian calcite 
constitutes a significant part of the predominantly inorganic 
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TABLE 17 
EIGENVALUES (A) AND ROTATED FACTOR LOADINGS (B) FOR 
DEVILS LAl<E SURFACE SEDIMENT ANALYTICAL DATA 
Eigenvalues 
· 0. 586 
Variable 
2.084 
• 547 
.379 
.181 
.'127 
Water depth (m) 
% Sand . 
% Silt 
% Clay 
Md (p) 
(1(¢) 
% ca 
% Mg 
% Fe 
% co3 % Organic C 
% Total N 
I 
.475 
-.245 
.096 
.403 
.411 
.287 
• 939 
.954 
.958 
.883 
.930 
.927 
A 
B 
Cumulative% of Total 
Compositional Information 
II 
.062 
.445 
-.025 
.097 
.091 
.050 
-.036 
-.005 
-.007 
-.021 
.019 
.023 
71.6% 
88.9 
93.5 
96.6 
98.l 
99.2 
III 
.625 
-1.015 
.777 
.815 
.836 
.850 
.259 
• 273 
.267 
.326 
.285 
.290 
IV 
-.145 
-.071 
.288 
-.311 
-.241 
-.031 
.132 
-.043 
-.045 
.100 
-.211 
-.230 
D 
(M) 
% 
Snd 
%· 
Slt 
% 
Cly 
% 
Md 
r¢ 
" Ca 
% 
Mg 
% 
Fe 
% 
C03 
% 
oc 
% 
TN 
TABLE 18 
CORRELATION COEFFICIENT MATRIX FOR DEVILS LAKE SURFACE SEDIMENT ANALYTICAL DATA 
D 
(M) 
1.00 
-.,73 
• 58 
.71 
.72 
· .67 
• 57 
.64 
• 63 
.. 60 
.69 
.70 
% 
Snd 
1.00 
-.88 
-.86 
-.90 
-.88 
-.51 
-.52 
-.52 
-.54 
-.53 
-. 53 
% 
Slt 
1.00 
• 53 
• 60 
• 68 
.34 
.30 
.31 
.36 
.27 
.28 
% 
Cly 
1.00 
.98 
.87 
.56 
• 63 
• 62 
• 61 
• 66 
• 67 
% 
Md,¢ <f¢ Ca 
1.00 
.83 1.00 
.59 .48 1.00 
.64 .51 .95 
• 64 • 50 .95 
.61 • 53 .93 
.66 • 52 .91 
• 67 • 52 .91 
% 
Mg 
1.00 
• 98 
.91 
.96 
• 97 
' 
% 
Fe 
1.00 
.91 
.98 
.98 
% 
C03 
1.00 
.87 
.87 
% 
oc 
1.00 
.99 
% 
TN 
1.00 
I-' 
I-' 
O'\ 
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carbonates of South Australia. From the evidence at hand,. 
it appears likely that high-magnesian calcite in Devils Lake 
has a similar origin. Skinner (1963# p. 471) noted that 
carbonate precipitation occurred intensively when aqua.tic-
plant growth was most vigorous and concluded that plants 
cause precipitation of carbonates through elevation of pH 
during periods of active plant photosynthesis. 
It is readily apparent from the carbonate data 
presented in this chapter that hi.gh-magnesian calcite is 
being rapidly altered to either low-magnesian calcite or, 
what appears more likely, to dolomite. Aragonite appears 
not to have undergone significant alteration in the surface 
sediment,,a fact which suggests aragonite is in equilibrium 
with the present water-sediment system of Devils Lake. 
In summary then# authigenic carbonate minerals and 
organic matter constitute nearly 25% of the sediment deposiit-
ed annually in Devils Lake# while allogenic carbonate and 
other detrital minerals such as quartz# feldspar, and clay 
minerals account for the remainder. 
ANALYSIS AND IN1'ERPRE'I'ATI0N OF CORES FROM DEVILS LltKE 
General 
sampling and analysis 
The location of three cores taken from Main Bay of 
Devils Lake is sho~n in Figure 27. Cores 110 and 120 were 
approximately 7-m long, and core-1.25 was 8-m long. The cores 
were sealed in plastic core liners and brought back to the 
laboratory for analysis where they were extruded, scraped 
clean of contamination, and split lengthwise in order to 
examine the stratigraphy. Texture, sediment color, and 
other diagnostic features were noted, after which the cores 
were sarnpled, generally at 30-cm intervals. Core 110 was 
sampled at 10--cm intervals in order to determine any sharp 
variations in sedimentary parameters with depth. Subsequent 
analyses indicated that such variations did not exist, and 
therefore cores 120 and 125 were samples at 30-cm intervals. 
Electroanalytical properties, pH, Eh, ps-2 , were measured 
on core 110 before sampling. 
The samples were placed in air-tight jars from which 
portions were taken for physical, chemical, and mineralogical 
analysis. A detailed description of all analytical methods 
used in this investigation is given in Appendix I. 
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Figure 27.--Location of cores from Main Bay of Devils 
Lake. 
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§_tratigraehy 
Figure 28 shows the gross stratigraphy for cores 110, 
120, and 125. The texture remains very fine and homogeneous 
throughout all cores except for the bottom 150 cm of core 
. 
125. However, detailed textural analysis is only possible 
by sedimentation methods and will be discussed in a later 
section. The most obvious differences throughout the cores 
were in wet sediment color. The sediment color v1as def.er-
mined by comparison with a standard color chart (Goddard 
.. 
and others, 1948). The color varied, often strikingly, 
throughout the length of .all cores (Figure 28). The upper-
most 20 to 30 cm of sediment in all cores was dark gray in 
color due to the presence of hydrous iron sulfide. The 
predominant colors throughout 90% of the core lengths were 
light to medium olive gray and grayish olive. Such colors 
generally represent reducing conditions and are similar to 
those of deep-sea marine sediments. 
The stiff gray clay at the baoe of cores 110 and 120 
exhibits a medium gray color which probably reflects mildly 
oxidizing conditions.. The contact: between various sediment 
colors is generally sharp, although a few are gradational, 
and there is some mottling of color. Plant fragments were 
found at the contact between the stiff gray sediment below 
and more moist olive green sediment above in cores 110 and 
120. ·plants may have been growing on the desiccated lake 
bottom at this time. 
A distinct white layer, 2-m.m thick, occurs 318 cm 
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from the top of core 120 and 315 cm from the top of core 
125. X-ray diffraction analysis showed this layer contain-
ed abundant high-magnesian calcite and aragonite. The 
interval from 315 cm to 327 cm in core 120 showed alternating 
laminations, roughly 5 mm thick, of light and da:r:k olive 
gray silty clay. 
Small pockets of sand occurred at intervals from 
340 to 358 cm and 415 to 417 cm, and sand lenses occurred 
at depths of 477 cm, 545 cm, and ,615 cm in co:r:e 120. Alter-
nating light gray and medium brown clay,·layers occurred 
between 673 cm and 676 cm in core 120. 
Plant fragments were especially abundar1t between O a.nd 
45 cm, 175 and 180 cm, and 250 and 255 cm in core 125. Sand 
lenses were common at depths of 198 cm, 354 cm, 585 to 650 
cm, and 680 to 740 cm in the same core. 
Grain-Size Distribution 
Size analyses were perfonned according to the procedure 
described in Appennix I. The results are expressed graph-
ically in Figure 28 and numerically in Tables 54, 551 and 
56 in Appendix II. 
Median diameters range between 6 and 10 phi units 
(15.6 to 0.98 microns) for all core samples except the basal 
one from core 125. This is a fine sand with a median grain 
size of 2.3 phi units (200 microns). Sand C,..62 micorns or 
4 Pl:li) is generally less than 5% in cores 110 and 120 and 
less than 10% in core 125. Colloidal sediment (<;,l micron) 
is generally greater that 35% in core 110, and 25% in cores 
.. 
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Figure 29.--Sand, silt, clay relationships in samples from 
Devils Lake Cores 110, 120, and 125. 
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120 and 125. According to Shepard's sediment classification 
(Shepard, 1954), all but a few of the Devils Lake core 
samples are classed as silty clay or clayey silt (see Figure 
29). The lowermost two samples from core 125 are classed as 
sand-silt-clay and sand respectively. over 80% of the 
core sa~ples exhibit a silty clay texture. 
The degree of sorting of these sediments was calculat-
ed using the equation for standard deviation (Inman, 1952): 
,t, 84-,Sl6 
2 
• 
Since the pipette method is only consider-
., 
ed accurate for grain sizes coarser than 1 micron 
(Rittenberg and others, 1963), the cumulative curves must 
be extrapolated in order to obtain the 84th percenti.le 
needed for this statistical measure. Therefore, computed 
values for sorting are not very accurate and can only be 
taken as estiµtates of the degree of sorting. The sorting 
values are presented in Tables 54, 55, and 56 in Appendix 
II. They range from 2.2 to 3.3 phi deviation units, sorting 
values typical of sediment deposited in relatively quiet 
water, on the continental slope, and in the deep sea 
(Emery, 1960). Nearly all cumulative percentages of grain 
size plotted on probability paper yield curves which are 
convex upward and skewed to the finer sizes. The fine 
sand from the base of core 125 has a sorting value of 0.63 
phi deviation units and is considerably better sorted than 
all the other samples .. This fine sand probably represents 
a littoral sand that has been sorted by continuous wave 
action near shore. 
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Coarse Fractions 
The coarse fractions (>62 microns or 4 phi uni ts) 
from all coi·e sarnples were examined under a binocular micro-
scope. As most of the sa~ples contained enough organic 
mater~al to form a mat of organic matter, only the relative 
abundance of various components could be estimated as the 
organic mat contained much of the coarse-fraction material. 
The results of coarse fraction analysis on all three cores 
are presented in Tables 19, 20, and 21. 
,; 
All samples contain quartz grains which have subround 
to subangular edges. All samples to a depth of 6 m contain 
organic remains which consist of various animal and plant 
parts, some chitinous material, and carbonized plant debFis. 
All samples contain moderate to large numbers of ostracod 
shells representing several varieties. Diatom frustules 
are common only in the upper 3 m of core 110, but are 
comn1on or abundant throughout cores 120 and 125.. There are 
fewer plant fragments in core 110 than in core 120, but most 
appear black and probably have been carbonized. Core 125 
contains the most abundant plant fragments, so~e of which 
reach several cm in length. Reeds were found in the upper-
most sample from core 125. 
The lower 150 cm of cores 110 and 120 contain mostly 
quartz and a few rock fragments dominated by a shale lithology. 
The lowermost two samples from c::,re 110 contain fragments 
of clam shells. They are the only evidence from these 
sediments of mollusca."l life in Devils Lake during the past 
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TABLE 19 
RELATIVE ABUNDANCE OF VA.~IOUS COARSE FRACTION 
COMPONENTS FROM DEVILS LAKE CORE 110 
Sample Quartz Rock Organic Ostracod Diatom 
Depth Fragments Fragments Shells Skeletons 
(cm) 
10-20 s s 
32-42 s-c A A s 
59-72 s C C s 
94-106 s A A C 
123-137 s VA C C 
159-171 s · VA C C 
194-205 s VA C-A s 
216-231 s VA C-A C 
253-260 s VA A s 
287-303 s 
-
C-A VA s-c 
310-325 VA C s 
341-356 s s-c A VA 
370-385 s-c VA VA 
395-409 C VA VA 
433-447 s VA A 
464-478 C VA A 
495-507 C A A-VA 
519-532 s A VA 
562-576 A A C-A 
595-603 C s C C-A 
631-646 VA s C 
660-671 VA s C 
White 
Spheres 
VA+ 
A 
A-VA 
s-c 
Code: S= scarce: C= common: A= abundant: VA= very 
abundant. 
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TABLE 20 
RELATIVE ABUNDANCE OF VARIOUS COARSE FR..'·\C'rION 
COt-lPONENTS FROM DEVILS LAKE CORE 120 
sample Quartz Rock Organic Ostracod Diatom 
Depth Fragments Fragments Shells Skeletons 
(cm) 
0-22 s s VA C 
22-49 s s VA C 
49-95 s-c s A A 
85-119 s C s-c VA 
119-151 s A C A 
151-186 s A C A 
186-217 C s VA A C 
217-241 C s VA A s-c 
241-267 s A ,.. A ... 
267-295 s A C C-A 
295-327 s A C C-A 
327-364 s A C VA 
364-394 s A ,.. A-VA ... 
394-424 C s A C C 
424-464 s A C VA 
464-487 s A A A 
487-526 s A A A 
526-553 A C C A C 
553-583 VA A C C s 
583-615 s s A-VA s S-C 
615-651 VA s s-c C s 
651-675 VA s s s 
Code: S= scarce: C= common: A= abundant: VA= 
abundant. 
Gray 
Particles 
VA 
VA 
A 
VA 
A 
A 
pyrite 
very 
sample 
Depth 
(cm) 
0-25 
25-42 
42-71 
. 71-107 
101-·145 
145-175 
175-208 
208-240 
240-272 
272-309 
309-339 
339-372 
372-401 
401-436 
436-466 
466-495 
495-525 
525-553 
553-585 
585-619 
619-649 
649-681 
681-713 
713-739 
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TABLE 21 
RELATIVE ABUNDll..NCE OF VARIOUS COA.T{SE FRACTION 
COMPONENTS FROM DEVILS LAKE CORE 125 
Quartz Rock Organic Plant Ostracod 
Fragments· Fragments Fragments Shells 
A C-A s A A 
C s A C A 
,.. s VA s-c C-A ,_ 
C s C-A C C-A 
A s C A C 
A s C A C 
VA C C C C 
C C C C C 
s s A C C-A 
s s A C-A C-A 
C C A A-VA S-C 
VA C s C-A C 
A A s-c C s-c 
C-A C-A C C s 
C-A C C C C-A 
A C C-A C-A C 
VA A s C-A s-c 
VA VA s C s 
VA VA s C s 
VA VA s s-c s-c 
VA VA S-C C s-c 
VA VA s-c C s-c 
VA VA s-c s-c s 
VA VA s s s 
Diatom 
Skeletons 
s 
C 
A 
A 
A 
C 
A 
VA 
A 
s 
s 
s-c 
A 
C 
C 
s 
s 
s 
S-C 
s 
s 
s-c 
Code: S= scarce-: C= corru:non, A= abundant~ VA= very 
abundant. 
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6000 years. The lowest s~-nple fro:n core 120 contains some 
aggregates of iron sulfide which'are pro~ably pyrite derived 
from Pierre Shale. There is little evidence of pyrite 
throughout the rest of the core. The lowest 220 cm of sed-
iment in core 125 contain some pyrite aggregates and pyritized 
material which is finer grained than the pyrite in core 120 
and appears to be authigenic. 
The gray particles so abundant in several samples 
from core 120 appear to be aggregates of silt grains cement-
"' ed by mineral matter which is probably composed of sulfate 
compounds. The particles are elongate and their surfaces 
exhibit a ttsand paper 11 appearance. They seem to be most 
abundant when diatom frustules are either scarce or absent. 
X-ray diffraction analysis of this material did not reveal 
the exact composition of the cementing agent. 
One of the most interesting results of coarse-
fraction analysis was the recognition of pale-buff colored 
spherules which occurred in several samples from core 110 
and much larger (2 to 3 mm in diameter) white spheres from 
the 10-to 20-cm interval in core 110. The small spheres 
are definitely inorganic and those that were broken exhibit-
ed radial internal structure. The larger white spheres 
have pocked surfaces that appear to be crystal faces trun-
cated by abrasion. The indentations are lined with 
crystal faces. Both types of spheres were isolated, ground 
to a fine powder, and subjected to X-ray diffraction analy-
sis. The large white spheres proved to be gypsum ( caso4 • 2H20 ), 
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but the chemical composition of the smaller spheres could 
not be determined ~·rith certainty. Using· d-spacings of all 
peaks not accounted for by cormnon minerals and the powder 
diffraction index, the best that can be said concerning 
their composition is that they are some sulfate compound(s). 
account for a small percentage of this material, but the 
bulk is some unknown sulfate compound. ~.n X-ray diffracto-
gram of evaporated salts from Devils Lake shows several 
.. 
peaks similar to the sample of small spheres. This indi.ca.tes 
that at least some of the material from the 10-to 20-cm 
interval in core 110 is the result of partial evaporation 
of Devils Lake water. 
water Car.tent 
The water content, in percent wet weight, of all core 
samples is presented in Tables 54, 55, and 56 in Appendix 
II and in Figure 28. The average water content of core 110 
is 61%, while that of cores 120 and 125 is 56% and 51% 
respectively. The lower average water content of these two 
cores probably reflects their slightly coarser texture over 
that of core 110, and the fact that they were analyzed 1 to 
2 months later than core 110. 
The water content decreases gradually fro~ 75% to 50% 
at a depth of 570 cm in cores 110 and 120, and then decreases 
rapidly to 25% in the next 100 cm (Figure 28). The water 
content gradually decreases frora 70% to 40% throughout the 
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TABLE 22 
AVERAGE PHYSICAL A.l\JD CHEMIC.AL COMPOSITION 
OF CORES FROM MAIN BAY OF DEVILS LAKE, NORTH DAKOTA 
constituent Core 110 Core 120 Core 125 
Mean Std. Dev. Mean Std. Dev. Mean std. Dev. 
% Moisture 60.9 12.6 55.9 12.9 51.3 11.6 
% Sand 2.4 2.6 2.1 1.5 9.5 16.8 
% Silt 41.l 13.0 45.4 4.8 43.4 8.7 
% Clay 56.5 18.l 52 .. S' 5.2 47.0 11.9 
Md (¢) 8.9 .5 8.3 .6 7.7 1.4 
r tol 2.5 .3 2.6 .2 2.8 1.5 
% ca 7.8 1.3 7.0 .9 6.9 la3 
% Mg 2.5 .4 2.5 .3 2.5 .4 
% Fe 1.6 .1 1.6 .1 1.6 .2 
% C03 14.0 1.7 12.0 1.2 12.8 2.1 
% Organic C 3.5 1.5 2.9 1.1 2.8 1.2 
% Total N .31 .13 .28 .13 .30 .12 
% P-Po4 .20 • 03' .11 .02 N.A. N.A. 
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length of core 125. The 1:iasal sand layer in core 125 has a 
very low water content. 
Chemical Composition 
General 
A coDplete description of methods used for chemical 
analysis of core samples is gi,,en in Appendix r. The raw 
chemical data for all core samples are presented in Tables 
54, 55, and 56 in Appendix II. Some data and various 
" 
computed elemental ratios are graphed in Figure 28. Table 
22 gives the average chemical composition of each core. 
Calcium and magnesiu.E! 
The average· calcium content of core 110 is slightly 
hj_gher (7. 8%) than those of cores 120 and 125 (7. 0% and 
6.9% re~pectively). The average magnesium content is 
identical for all three cores (Table 22). The Ca/Mg ratio 
increases from 2 to 3.5 at a depth of 1 min cores 110 and 
120, remains relatively const?..nt from 3.5 to 6 m, and then 
decreases to 2.5 in the lowest sample from both cores. The 
Ca/Mg ratio in core 125 gradually increases from 2 to 4 at 
a depth of 5 m, decreases to 2 at a depth of 6.5 m~ and 
then increases to 3.5 .at a depth of 7.3 m. There appear 
to be no striking changes in the Ca/Mg ratio throughout the 
·length of all cores, although variations in the ratio 
between 2 and 4 occur in several places. such variations 
might represent significant differences in the contribution 
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TABLE 23 
CON'l'ENT OF C~..LCIUM AND MAGNESIUM 
COMBINED AS CARBONATE MINERALS IN SAMPLES FROM DEVILS 
LAKE CORES 110 and 120 
Sample 
Interval 
(Cm) 
0-10 
20-32 
42-53 
59-72 
106-115 
148-159 
231-242 
395-409 
507-519 
631-646 
49-85 
151-186 
241-267 
295-327 
394-424 
48.7-526 
583-615 
Weight% Ca/Mg 
Ca Mg 
DEVILS LAKE 
6.9 3.6 1.92 
6.0 2.6 2.31 
7.3 3.2 2.28 
5.5 3.3 1.67 
10.5 2.3 4.57 
7.9 2.8 2.82 
9.2 2.6 3.54 
8.8 2.5 3.52 
6.5 1.8 3.61 
6.1 2.2 2.77 
DEVILS LAKE 
5.9 3.3 1.79 
7.5 2.6 2.89 
6.8 2.5 2.73 
8.4 2.4 3.50 
6.9 2.s 2.76 
7.5 2.4 3.12 
5.7 2.1 2.72 
% Ca in 
Carbonate 
Minerals 
CORE 110 
6.6 
.,, 
6.2 
7.3 
5.9 
10.4 
7.5 
B.2 
8.3 
6.7 
6.2 
CORE 120 
4.9 
6.3 
6.3 
7.2 
5.8 
4.6 
5 1 
·-
% Mg in Excess 
Carbonate Mg 
Minerals 
1.08 2.52 
.99 1.61 
1.19 2.01 
.92 2.31 
1.28 1.02 
1.27 1.53 
1.36 1.24 
1.33 1.17 
1.06 .74 
1.17 1.03 
1.21 2.09 
1.50 1.10 
1.07 1.43 
1.53 .87 
1.46 1.04 
1.02 1.36 
.88 1.22 
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. TABLE 24 
CONTENT OF CALCIUM ..:'.~ND MAGNESIUM COMBINED AS CARBONATE 
MINERALS IN DEVILS LAKE SEDIMENT SAMPLES 
AND IN TILL SAMPLES FROM AROUND THE LAKE 
sample Weight% Ca/Mg % Ca in % Mg in Excess 
Number Ca Mg Carbonate Carbonate Mg 
Minerals Minerals 
WA'l'ER-SEDIMENT INTERFACE 
8/9/65 6.4 4.8 1.32 4.9 • 67 4.13 
., 
11/6/65 7.1 4.0 1.77 5.1 .79 3.21 
5/12/66 6.4 3.9 1.64 5.7 .97 2.93 
7/11/66 6.4 3.7 1.73 8.1 .94 2.76 
SURFACE SEDIM.ENT 
24 5.9 4.1 1.44 6.1 1.65 2.45 
53 6.5 3 •. o 2.16 6.2 1.07 l. 93 
67 4.5 2.6 1. 73 4.5 1.07 1 .. 53 
69 7.0 4.2 1.67 7.6 .99 3.20 
Crust 35. 2 .4 aa.o 34.3 1.40 
GLACIAL TILL 
12 11.9 2.5 4.75 10.3 1.24 1.26 
47 9.5 1.4 6.78 7.05 1.42 .98 
74 9.1 1.2 7.57 2.6 • 52 .68 
75 5.3 1.7 3.12 3.7 1.02 • 68 
80 4.6 1.3 3.55 3.5 1.09 • 21 
82 4.4 2.1 2.10 3.7 .84 1.26 
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of these elements to the sediment. 
Table 23 shows the amo~nt of calcium and magnesium 
cOl~bined as carbonate minerals. These were calculated using 
mineralogical analyses of selected samples. It is obvious 
that nearly all the calcium (95% in core 110 and 80% in 
core 120) originates from carbonate minerals, while only 
approximately 50% of the analytical magnesium is combined 
with dolomite and high-magnesian calcite. Some of this 
discrepancy can be ascribed to sa~pling and analytical 
errors., but most of it is believed to result from the re-
moval of magnesium (and a little calcium) from clay minerals. 
Preferential removal of magnesium is expected because of 
its greater replacing power on clays and the fact that mag-
nesium is about ten times more concentrated than calcium in 
Devils Lake water. Table 23 shows that samples with higher 
Ca/Mg ratios have less magnesium in excess of that required 
for the carbonate minerals. Calcium exhibits no correlation 
with magnesium in cores 110 and 120 (correlation coefficient= 
0.05) 1 and is only moderately correlated (correlation 
coefficient= 0.48) in core 125. 
The average iron content of all three cores is 1.6% 
(Table 22) and varies between 1.3% and 1.8%. Much of the 
iron probably originates from non-carbonate detrital 
material (especially clays), although some may be derived 
from carbonate and organic matter. The variation in iron 
content with depth in all three cores (Figure 28) is not 
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very significant. Iron is inversely correlated with sand 
and silt, and positively correlated with·clay in cores 110 
and 120, suggesting that much of the iron comes from clay 
minerals. Iron is also inversely correlated with carbonate 
and organic matter and exhj.bi ts little correlation with 
on the other hand, the iron content of core 125 
is inversely correlated with sand, positively correlated 
with carbonate, a.nd exhibits no correlation with organic 
matter. Iron in core 110 is inversely correlated with 
"' 
calcium and poorly correlated with magnesium. The iron in 
cores 120 and 125 is positively correlated with magnesium. 
It appears that iron originates from several sedimentary 
components. 
'l'he Ca/·rte ratio varies fr0\11 3 to s. 5 in core 11.0, 4 
to 5 in core 120, and 3 to 6 in core 125. Because in most 
samples calcium fluctuates more than iron, most cf the 
variation in Ca/Fe ratios ~s due to variations in calcium 
content. The Ca/Mg ratio and the Ca/Fe ratio are positively 
correlated, suggestir,g that iron and magnesium may be re-
lated by some common sedimentary process. 
Carbonate 
The carbonate content of core 110 is approximately 2% 
(by weight) higher than that of cores 120 and 125. 'rhis may 
be due to the slightly coarser texture of sediment in these 
cores relative to core. 110. Figures 30, 32, and 34 show 
that carbonate exhibits a strong positive correlation with 
143 
calcium, such a correlation is to be expected as 90% of the 
calcium is combined with carbonate (Table 23). Tables 30, 
and 33 show that carbonate is moderately correlated with 
water content and organic matter in cores 110 and 120. 
Table 36 shoTtis that carbonate is ver:1 well correlated with 
calcium, clay content, and organic matter in core 125. 
Carbonate is relatively well correlated with iron in core 
125 (Table 36). 
Carbonate varies from 11% to 16% in core 110, from 
., 
10% to 14% in core 1201 and from 10% to 16% in core 125. 
Figure 28 shows that carbonate correlates closely with 
the Ca/Fe.and Ca/Mg ratios. This correlation.suggests that 
both iron and magnesium are somewhat mutually exclusive of 
calcium and that these two elements are somehow related. 
Organic Matter 
~~-05.en.-The total nitrogen content in all cores 
averages about 0.30% (Table 22). It varies from 0.09% to 
0.57% in core 110, from 0.06% to 0.67% in core 120, and from 
0.10% to 0.69% in core 125. Generally, total nitrogen de-
creases with depth in the core. Superimposed on this trend 
is a secondary dependence with grain size. However, this 
dependence is not very important because ot· the homogeneous 
nature of the sediment. 
Organic carbon.-Organic carbon averages 3.5% in core 
110, 2.9% in core 120, and 2.8% in core 125. The general 
trend in all cores is a decrease in organic carbon with 
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depth. There is a secondary dependence between organic 
carbon and grain size. Organic carbon exhibits a strong 
positive correlation with water content and total nitrogen 
(Figures 31, 33, and 35) in all cores. It is moderately 
corre~ated with calcium, magnesium, and carbonate in all 
cores, inversely correlated with iron in core 110, moder-
ately correlated with irpn in core 120, and very poorly 
correlated with iron in core 125. 
The C/N ratio of samples from all three cores (Figure 
; 
28). averages approximately 10. The ratio varies from S to 
14 in core 110, 8 to 12 in core 120, and 6 to 11 in core 
125. The average C/N' ratio (10) of core samples is contrast-
ed with that (8) of Devils Lake surface sediment. The C/N 
ratio does not correlate very well with any other parameter 
(Figure 28), with the exception that from a depth of 3 m 
to the base of core 110, it generally follows the organic 
carbon curve. 
Hydrogen Ion Concentration and Redox Potential 
Measurements of pH and Eh were made every 5 to 10 cm 
throughout the length of core 110. Some of these measure-
ments are plotted in Fig1.11~e 36 along with similar measure-
ments on water, water-sediment interface slurries, and the 
upper 10 cm of short sediment cores. The measurements en 
these cores were made every 2 cm. Details of procedures 
used in making these measurements are presented in 
Appendix I. 
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The pH generally decreased, from 8.15 to 7.so, and 
the Eh became more negative, from -80 to ~140 mv, with depth 
in core 110. Figure 36 shows that sediment with higher pH 
values generally has less negative Eh values, although 
many samples are clustered around the pH 7.8, Eh -130 mv 
region. Figure 36 also shows that the trend in the upper 
12 cm of sediment is toward decreasing pH and Eh. The lake 
water under the j_ce exhibits a similar trend from the ice 
surface to the water-sediment int~rface. 
Interstitial water 
Methods used in extraction and analysis of interstitial 
water samples taken from core 110 are fully described in 
Appendix I. Results cf the analyses are given in Table 44. 
Chloride and sulfate are graphed in Figure 37. 
There is considerable variation in the content. of 
several ions with depth in the core. P~l cations and anions 
exhibit higher concentrations in the interstitial water than 
in the overlying lake water. This is true to a depth of 
100 cm in core 110. Samples from lower depths have approx-
imately the same or somewhat lower salinities than the 
present lake water. Total alkalinity of the interstitial 
water throughout core 110 is much higher than that of the 
present lake water. 
Below a depth of 150 cm in core 110; chloride does not 
vary appreciably from 1000 ppm, while sulfate exhibits more 
fluctuations from the average value of 4000 ppm. All the 
variation in the M so4-
2/M c1-l ratio appears to be due to 
"' 
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fluctuations in the sulfate content. From O 
beth Cl-land so4-
2 increase significantly. 
increases from 1750 to 2750 ppm. and sulfate 
to 30 cm; 
Chloride (Cl-1) 
-2 (S04 ) in-
C!eases from 11,500 to 23,000 ppm. From 30 to 100 cm their 
concentration decreases sharply: ci-1 decreases to 1500 ppm 
and so4-
2 to 4500 ppm. It is apparent that some process 
has affected both constituents. Variation in sulfate can 
be expected to be more pronounced than chloride as it may 
be affected by certain mineral equilibria, while chloride 
at these concentrations is unaffected by any mineral 
equilibria. 
Mineralogy 
General 
T~e mineralogy of selected core sa~ples was inves-
tigated by X-ray diffraction analysis. Details of prepara-
tion and measurement are given in Appendix I. 
The relative proportions of quartz, feldspar, and 
total clay minerals were estimated from X-ray diffractograms. 
This was accomplished by measuring the peak-height inten-
sities and applying the appropriate ·intensity factor { in 
counts per second per 100%) given by Schultz (1964, p. 2) 
E!nd Friestad (1965, p .. 4). The mineralogy of Devils Lake 
sediment was believed to be sufficiently similar to that of 
Pierre Shale from south Dakota, and glacial till from 
Walsh County, North Dakota. (northeast of Devils Lake), that 
these intensity factors could be used for semi-qt1antitative 
j< 
··' 
. I 
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estimation of gross mineralogy 
The peak areas of various carbonate minerals were 
used to compute mineral ratios. These ratios were used with 
values for total reactive carbonate and the proportion of 
calcium and magnesium in the various minerals to estimate 
the percentage of each carbonate mineral in a particular 
sample. Calcite ·was present on the diffractograms of 
nearly all anafyzed sarnples in.the form of a bimodal peak, 
or a peak substantially broadeneo,,at the base. The second 
mode occurred consistently at 29.8°20 indicating that the 
calcite contained approxima~ely 13 mole% MgCo3 • Berner 
(1966, p. 10) gives a simple method for estimating the 
amount of high-and low-magnesian calcite using peak areas. 
The total peak area under both modes is measured (A), 
followed by measurement of half the area under the principal 
mode on the right side of the line of symmetry furthest from 
the other mode (B). The area under the minor mode is then 
assumed to be equal to (A)-2(B). Because the areas of the 
two modes were, in general, greatly different, this method 
is, in essence, graphically cor:ract (Berner, 1966, p. 10). 
The accuracy of the carbonate mineral determinations is 
probably no better than± 5%. 
The relative properties of clay minerals in oriented 
slides of selected samples were dete.rmined according to the 
methods of Kennedy (1965) and Schultz(l964). The area of 
the 10-A peak, after glycolation, was taken as a reference 
and assumed to represent the amount of illite present. 
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The area of the 7-A peak was divided by 1.5 in order to 
compensate for the degree of crystallinity of kaolinite 
which was found to be intermediate in Devils Lake sediment 
(Schultz, 1964,' p. 8-9). The proportions of montmorillonite 
and mixed-layer clay were estimated on the assumption that 
the 17-A peak of an oriented glycol-treated montrnorillonite 
sample is 4 to 5 times as high as the 10-A pea~ of mont-
morilloni te in the sarne slide after heat treat.rnent (Schultz, 
1964, p. 8). If the 10-A peak after heat treatment increased , 
·by more than the height of the 17-A peak divided by 4.5, 
mixed-layer clay was assumed to be present (Kennedy, 1965, 
p. 5). The amount of mixed-layer clay was obtained by 
subtracting the estimated montmorillonite content from the 
combined mont~orillonite and mixed-layer clay content deter-
mined in the manner described above. The accuracy of the 
clay-mineral estimates is probably no better than! 5%. 
~~~ral~~ 
Tables 25 and 26 present the bulk mineralogy data 
for cores 110 and 120. Quartz appears to be relatively con-
stant with depth in both cor~s, although it does increase 
slightly at the base of core 120. Potassic and plagioclase 
feldspars are consistently low in both cores. Total clay 
minerals constitute approximately 20% of all minerals and do 
not appear to vary significantly with depth. 
Calcite generally increases from·6.5% to 9.2% through-
out the length of core 110. Calcite in core 120 follows the 
" 
Sample 
TABLE 25 
BULK MINERALOGY OF SELECTED SEDIMENT SAMPLE$ FROM DEVILS LAKE 
CORE 110. APPROXIMATE PERCENTAGES OF NON-CARBONATE MINERALS 
WERE ESTIMATED FROM X-RAY DIFFRACTOGRAMS 
Fotassic Flagioclase 
depth, Cm Quartz Feldspar Feldspar· Calcite Mg Calcite Dolomite Aragonite 
42-53 40 5 6 6.5 3.8 B.l 4.2 
148-159 37 3 5 7.8 3.2 a.a 3.1 
231-242 45 2 6 6.6 5.7 8.9 3.6 
395-409 50 
-
3 6.8 4.4 9.0 4.9 
\ 
507-519 46 4 3 8.1 4.8 6.9 .4 
532-541 49 7 3 B.8 4.5 10.6 2.7 
609-623 48 2 5 9.2 2.0 s.s 
--
-,.._., U--~ 
Total Clays 
Minerals 
18 
23 
18 .... U1 
.... 
16 
20 
15 
20 
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same trend as in core 110, and increases from 5% to 9%. 
Dolomite doe~ not vary significantly in either core, 
although core 120 contains approximately 1% to 2% less 
dolomite than core 110 (Tables 25 and 26). There is one 
dolomite maxima (10.5%) at a depth of 3 min core 120. 
The high-magnesian calcite content of core 110 in-
creases from 3.8% to 5.7% at a depth of 2.4 m and then 
decreases to 2.0% at the base of the core. The high-mag-
nesian calcite content of core 120 increases from 2% to 5% 
, 
.at a depth of 3 m and then decreases to 0.4% at the base of 
core 120. The average high-magnesian calcite content of 
core 120 (3%) is slightly less than that (4%) of core 110. 
Aragonite in core 110 remains relatively constant at 4.0% 
to a depth of 4 m, and then decreases to zero at the base 
of the core. The aragonite content of core 120 is consider-
ably less (average content is 1%) than that of core 110 
which has an average aragonite content of 3%. 
Clay mineralow. 
The ratios of various clay minerals, and their approx-
imate percentage of total clay minerals in cores 110 and 120 
are presented in Table 27. 
The X-ray diffractograms showed a relatively sharp 
peak at 7A which disappeared upon heating the sa'll.ple.at 550°c 
for one-half hour. This peak was assigned to kaolinite 
(Schultz, 19641 p. 6-9). No chlorite peak at 14A was detect-
ed on the tracing from the heated sample. The presence of 
Sample -
TABLE 26 
BULK MINERALOGY OF SELECTED SEDIMENT SAMPLES FROM DEVILS LAKE 
CORE 120., APPROXIMATE PERCENTAGES OF NON-CARBONATE MINERALS 
WERE ESTIMATED FROM X-RAY DIFFRACTOGRAMS 
Potassic Plagioclase 
depth, Cm Quartz Feldspar Feldspar Calcite Mg Calcite Dolomite Aragonite 
49-95 45 3 3 4.8 1.9 B.7 .9 
241-267 47 2 4 6.7 4.5 7.0 1.0 
295-327 45 1 4 5.9 4.8 10.5 1.7 
487-526 45 3 6 5.9 3.9 7.6 .2 
\ 
583-615 55 2 4 9.0 .4 6.6 
--
• 
Total Clays 
Minerals 
23 
19 
24 1--' u, 
w 
25 
23 
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illite was determined from the 10-A peak which was not 
appreciably affected by either glycol treatment or heating 
at sso0 c (Schultz, 1964, p. 6). A broad basal X-ray 
diffraction peak near 17A on the dried and glycollated 
oriented sample, indicated the presence of montmorillonite 
and mixed-la.yer clay containing abundant montmorillonite. 
Often, heating at sso0 c substantially enhanced the 10--~ 
peak indicating that the only other com.~on layers are illite 
(Schultz, 1964, p. 6). 
; 
The kaolinite/illite ratio decreases with depth in 
core 110, as does the percentage of kaolinite. The same is 
generally true for core 120 (Table 27) except that kaolinite 
is relatively constant throughout the upper 3 m. 1'he average 
kaolinite content of the clay mineral fraction in core 120 
is approximately 8%. 
The montmorillonite (17A)/illite (lOA) ratio is essen-
tially constant in core 110 and decreases steadily to the 
base of core 120. The relative percentage of montmorillonite 
in both cores decreases with depth (Table 27). The avernge 
montmorillonlte content of core 110 is 44%, while that of 
core 120 is 30)G. 
Illite decreases with depth in cores 110 and 120. 
The average illite content of core 110 is 32% and that of 
core 120 is 26%. 
• 
The mixed-layer clay/illite ratio generally increases 
with depth in both cores (Table 27). The relative abundance 
of mixed-layer clay increases from O to 56% thr,..,'l.1ghout the 
I 
..... 
Tl)..BLE 27 
CLAY MINERAL RATIOS AND APPROXIMATE PERCENTAGES (IN PARENTHESES) FOR 
DEVILS LAKE SURFACE SEDIMENT .AND DEVILS LAK~ CORES 110 and ·120 
Approximate% (17A) (17A-10A) 
Sample Total clay Kaolinite 7A) Montmorillonite Mixed-layer claI Illite (lOA) 
Minerals Illite lOA Ill°ite (lOA) Illite (10.A) 
Surface Sed. 
#3 20% .52 (19%) • 98 (52%) • 65 (2%) (26%) 
Surface Sed. 
#6 18 • 27 (7) 1.07 (17) 1. 92 (45) (31) 
surf ace sea. 
#11 18 .29 (10) 1.33 (33) .67 (15) (42) 
Surface Sed. 
#69 14 .29 (21) .77 (26) \ .os (12) (41) 
Core 110 
#27 18 .45 (29) 1.15 (50) 
--- (0) (25) 
Core 110 
#S6 20 • 20 ( 6) 1.00 (38) 1.50 (18) (38) 
Core 120 
#2 23 .33 (12) 2.20 (73) .44 (0) (15) 
Core 120 
#6 19 • 55 (11) 1.10 (23) 2.23 (33) (27) 
Core 120 
f~ll 24 .46 (13) .61 (21) 1.69 (33) (33) 
Core 120 
#16 25 • 32 (7) 1.05 (17) 2. 52 (48) (28) 
Core 120 
#21 23 .20 (4) .70 (14) 3.05 (56) (26) 
'""' U1
V1 
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TABLE 28 
EIGENVALUES FOR DEVILS LAKE CORE 110 ANALYTICAL DATA 
Eigenvalues 
4.181 
2.430 
1.884 
1.379 
1.134 
.764 
.382 
.347 
.195 
.129 
.095 
I 
Cumulative% of total 
Compositional Info_rmation 
32.2 % 
50.9 
65.4 
76.0 
84.7 
90.6 
93.5 
96.2 
97.7 
98.7 
99.4 
TABLE 29 
ROTATED FACTOR LOADINGS FOR DEVILS LAKE CORE .110 ANALYTICAL DATA 
Variable I II III IV V VI VII 
% H20 .903 -.027 .310 -.106 -.046 .059 .113 
.... 
Sand .128 -.037 -.077 .155 .724 .055 .174 
Silt -.234 -.041 -.114 .861 .164 -.384 -.039 
Clay -.122 -.245 .000 .355 -.054 -.894 -.115 
.... 
Md{.¢) Ln .008 -.977 .079 -.004 -.046 -.114 .041 '1 
<¢ .031 -1.005 .032 .052 '· 048 -.084 .oso 
Ca .151 -.042 • 931 -.055 -.099 • 022 .209 
Mg .711 -.067 -.075 -.122 .229 -.038 -.066 
Fe -.242 .oss -.283 .036 -.06~ -.097 -.633 
C03 .259 -.080 .911 -.043 -.044 -.088 .085 
oc .883 .076 .. 268 -.047 -.006 .012 .158 
'IN .824 -.024 .126 -.016 .014 .186 .211 
P04 .004 .032 -.030 -.024 • 786 -.020 -.087 
~ 
TABLE 30 
CORRELATION COEFFICIENT MATRIX FOR DEVILS LAKE CORE 110 ANALYTICAL DATA 
% % % % % % % % % % % 
H2o Snd Slt Cly Md(¢) fD Ca Mg Fe C03 cc TN P04 
' 
% H20 1.00 
% Snd .01 1.00 
% Slt -.34 .20 1.00 
% Cly -.19 -.os .75 1.00 .... u, 
OJ 
Md(p) .06 -.03 .09 .36 1.00 
\ 
a-,s .06 .06 .12 .33 .98 1.00 
% ca .49 -.09 -.21 .06 .13 .os 1.00 
% Mg • 61 .26 -.18 -.13 .06 .oe .04 1.00 
% Fe -.38 -.20 .10 .20 -.10 -.10 -.48 -.12 1.00 
% co3 • 53 -.07 -.17 -.os .16 .13 .90 .11 -.13 1.00 
% oc .as .11 -.28 -.15 -.os -.04 .43 .57 -.37 • 47 1. 00 
% TN • 81 .15 -.32 -.28 • 01 -.05 .28 .56 -.41 .35 .79 1.00 
% PO 4 -.os • 57 .14 -.07 -.oe -.03 -.12 .17 .04 -.08 -.01 -.01 1.00 
159 
TABLE 31 
EIGENV~.LUES FOR DEVILS LAKE CORE 120 ANALYTICAL DATA 
Eigenvalues 
5.091 
3.131 
1.915 
1.384 
.622 
.338 
.222 
.183 
/ 
Cumulative% of total 
Com.positional Information 
., > 
39.3 % 
63.4 
78.2 
88.9 
93.7 
96.3 
98.0 
99.4 
TABLE 32 
ROTATED FACTOR LOADINGS FOR DEVILS LAKE CORE 120 ANALYTICAL DATA 
·--
Variable I II III IV V VI VII 
% H20 .859 . -.188 .258 -.296 .078 -.054 .045 
'\ 
% Sand -.091 .174 -.947 .. 185 .046 .320 .046 
% Silt. -.030 • 937 .013 -.099 • 748 -.131 • 001 
% Clay .021 -1.004 .111 .029 .oos -.089 -.010 
.... 
°' Md(¢) .095 -.989 .177 -.036 .036 -.056 .037 0 
0"'¢ .018 .072 -.275 -.056 ~.037 • 751 -.007 
% Ca .331 -.044 .113 -.960 .-024 -.022 • 013 
% Mg .728 -.256 .010 .191 .077 .314 -.049 
% Fe .433 -.256 .441 -.080 .183 -.152 .141 
% co3 .114 .064 .087 -.931 .013 .o5a -.015 
% Org.C .946 -.016 .049 -.291 -.021 -.080 .127 
% Tot.N .989 .032 -.032 -.094 -.072 -.046 • 068 
% P04 .840 .139 • 053 -.240 -.014 .056 -.272 
TABLE 33 
CORP.ELATION COEFFICIENT MATRIX FOR DEVILS LAKE CORE 120 ANALYTICAL DATA 
" 
% 
" 
% % % % % % % % 
!-120 Snd Slt Cly Md(¢) G""¢ Ca Mg Fe co3 oc m P04 
% H20 1.00 
% Snd -.42 1.00 
% .slt -.12 .os 1.00 
% Cly • 23 -.35 -,,95 1.00 ,.... 
O'\ 
Md(¢) .32 -.40 -.92 • 98 1.00 
,.... 
\ 
d"'¢ 
-.13 • 54 -.02 -.14 -.13 1.00 
% Ca • 63 -.32 .06 .04 .14 -.02 1.00 
% Mg .63 -.04 -.27 .27 .32 .21 .06 1.00 
% Fe • 58 -.58 -.14 .30 .38 -.24 .31 .36 1.00 
% co3 .39 -.24 .17 -.OB -.oo .06 • 93 -.12 .14 1.00 
"oc • 91 -.24 .oo .07 .16 -.06 • 59 • 61 .49 .37 1.00 
% TN .es -.07 .oo .01 .09 -.oo • 41 .65 .41 .18 .96 1.00 
% P04 .76 -.06 .17 -.14 -.os .os .. 49 • 55 .32 .32 .78 .83 1.00· 
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TABLE 34 
EIGENVALUES FOR DEVILS ~AKE CORE 125 ANALY'l'ICAL DATA 
Eigenvalues 
7.156 
2.246 
1.'311 
• 589 
.286 
.204 
.081 
.052 
Cumulative% of total 
Compositional Information 
.,. 
59.6 % 
78.3 
89.2 
94 .. 1 
96.5 
98.2 
98.9 
99.3 
TABLE 35 
ROTATED FACTOR LOADINGS FOR DEVILS LAKE CORE 125 ANALYTICAL DATA 
Variable I II III IV V VI 
% H20 .413 - .. 033 .861 -.136 .023 .221 
% Sand -.591 .483 -.270 .780 -.059 -.060 
% Silt .010 .029 .088 -.864 .117 -.007 
% Clay .880 -.046 .331 -.290 -.041 .167 
.... 
Md(¢) .874 - .. 051 .334 -.292 -.025 °' .196 w
cr,s .398 -.ooo .214 \ -.637 • 613 .046 
% ca .777 -.047 .217 -.010 .464 -.035 
% Mg .321 -.090 .755 -.233 1.34 .• 322 
% Fe .501 -.030 .015 -. 745 -.094 .071 
% C03 .,873 -.022 .122 -.216 .191 -.117 
% Org.C .161 -.007 .973 -.002 .106 -.057 
% Tot.N .070 -.009 • 947 -.093 -.013 -.138 
t, TABLE 36 
CORRELATION COEFFICIENT MATRIX FOR DEVILS LAI<E CORE 125 ANALYTICAL DATA 
% % % 
" 
% % % % % % 
H?.0 Snd Slt Cly Md(¢) tf¢ Ca Mg Fe co3 . oc TN 
% H20 1.00 
% Snd -.62 1.00 
% Slt .21 -.73 1.00 
% Cly .72 -.87 .30 1.00 ..... 
m 
,!:l,. 
Md (,:S) .12 -.87 .31 • 99 1.00 
' r,s 
.47 -.81 .73 • 60 • 61 1.00 
% ca • 51 -.sa .09 .74 .75 .65 1.00 
% Mg .ea -.62 .28 .65 • 67 .54 .48 1.00 
% Fe .35 -.82 .67 .68 • 68 .60 -.37 .40 1.00 
% co3 .49 -.70 .23 .82 .81 .60 .83 .42 ~64 1.00 
% oc .as -.38 .09 .46 .46 .34 .39 .79 .as .27 1.00 
% TN .83 -.35 .15 .39 .37 .29 .26 .71 .11 .21 .95 1.00 
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length of core 120. 
Canparison of clay-mineral data with water-content data 
from core 120 shows that there is good positive correlation 
between water content and mixed-layer clay 
Environmental SigI?ificance of Sedimentary Parameters 
Physical and chemical data 
The results of factor analysis performed on the 
analytical data from cores 110, 120, and 125 are presented 
.. 
in Tables 28 through 36. Table 37 summarizes the factor 
analysis data for all three cores. 
Perusal of Table 37 shows that there are significant 
similarities between all three cores. Rotated factor I 
from cores 110 and 120 exhibit similar high loadings which 
indicate water contant and magnesium are strongly related. 
Rotated factor III fro.~ core 125 exhibits similar loadings 
for water content and magnesium (Table 37). It is apparent 
that magnesium is related to some sedimentary property that 
controls water content. Correlation coefficient matrices 
(Tables 30, 33, and 35) show that water content is strongly 
correlated with orga.nic matter in cores 110, 120, and 125. 
Magnesium also shows a moderately positive correlation with 
organic matter (average correlation coefficient if about 
+0.60). Therefore, we can tentatively conclude that mag-
nesium is related to organic matter in some way. The factor 
loadings from all three cores (Table 37) show that water 
content, magnesium, and organic matter are all intimately 
.. 
TABLE 37 
MAJOR ROTATED FACTOR LOADINGS ON VARIABLES FOR DEVILS LAKE CORES 110, 1201 AND 125 
Factor % H20 % Snd % Slt % Cly Md (¢) tr'¢ % Ca % Mg % Fe % C03 % OC % TN % P04 
I .90 .71 .ea .82 
0 II - .98 -1.05 
r-t III • 93 .91 
r-1 IV 
.86 
Cl.l V .72 .79 1-1 
o VI .89 
u VII 
-. 63 .... C!'I 
O'I 
I .86 • 73 '. 43 .95 .99 .84 
o II .94 -1.00 - .99 
·N 
.-i III -.95 .44 
Ill IV -.96 -.93 
kV 
.75 0 
u VI .75 
I -.59 .88 .87 .78 • 50 .87 ~ II .48 
....t !!I .86 .76 • 97 • 95 
Cl.l IV .78 
~ V 
-.86 - •• 64 -.75 
u 
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related. 
Rotated factor III from core 110, factor IV from core 
120, and factor I from core 125 exhibit similar high load-
ings that indicate calcium and carbonate are intimately 
· related. This fact has been established is a previous 
section and no further .elaboration is needed here. 
Several interesting points in connection with calcium 
and carbonate are illustrated by Table 37. Calcium and 
carbonate have very high negative factor loadings in core 
"' 
120. This indicates they are strongly related to the 
positive end of the factor axis. Calcium and carbonate in 
the other two cores (110 and 125) have positive loadings 
indicating they are closely related to the positive end of 
the axis. There appears to be some natural process control-
ing these parameters that is mutually exclusive between 
cores 110 and 125, and core 120 (Osborne, 1967, p. 650). 
Tables 25 and 26, which present the bulk mineralogy data 
for cores 110 and 120, show that high-magnesian calcite in 
· 110 and that 
core 120 is approximately 35% less than in core , 
120 than in core 
aragonite is approximately 75% less in core 
1 45 and 46 illus-
The carbonate mineral ratios in Tab es 110. 
1 Due to their location 
trate this fact even more strong y •. 
th sediments 
mile from the lake shore, e 
only one-third of a 
b ground water 
obably influenced more y 
in core·120 are pr 
than those in core 110 
from the middle of the lake. 
t - solutions appre-
that ground-wa e.... . ( 1966) has shov.'Tl 
Berner tastabl€l carbonate minerals 
ciably alter unstable or me 
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(high-magnesian calcite and aragonite). This appears to be 
the case in Devils Lake, as the sediments in core 120 do 
not have a significantly coarser texture, and therefore the 
lower authigenic carbonate mineral conten~ cannot be ex-
plain~d as dilution by detrital sediment. Any process which 
would cause increased primary carbonate precipitation, would 
have a more pronounced effect on the near-shore environment. 
therefore, it seems reasonable that part of the carbonate 
in the nearer shore sediments has been dissolved by ground 
.. 
water, and that the content and distribution of calcium and 
carbonate in core 120 are affected by this alteration process 
as well as by primary precipitation. 
Calcium and carbonate are intimately related to clay 
content and median grain size in factor I from core 125. 
Apparently there is a dependence of calcium and carbonate 
on these two par~eters in core 125 (Table 36), while there 
is no dependence on them in cores 110 and 120 (Tables 30 and 
33). It is possible that more of the carbonate in the Creel 
Bay sediments is fine-grained authigenic carbonate. Samples 
from core 125 were not analyzed by X-ray diffraction, so 
there is no way to tell whether a greater percentage of the 
carbonate occurs as high-magnesian calcite and aragonite.' 
The similarities between all three cores becomes 
fuzzy at this point. Factor II from core 110 has very high 
negative loadings on median grain size and sorting. (Table 
29). Naturally, these are related, as finer-textured. sed-
iments tend to be more poorly sorted. The negative loadings 
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indicate that the process controlling these parameters is 
mutually exclusive of the other parameters (Osborne, 1967, 
p. 650). Indeed it is, as the physical process of wave and 
current action is distinctlY_ different from various chemical 
processes discussed in an earlier chapter. Table 30 shows 
these two paramet~rs are highly correlated with one another 
on core 110, but very poorly correlated with the other 
parameters. Sand and phosphate are closely related in 
factor V and Table 30 shows they are poorly correlated with 
, 
all the other variables. This correlation between sand and 
phosphate suggests some of the phosphate may be detrital in 
origin. Till from around the lake contains some phosphate, 
and undoubtedly some sand-sized sediment is transported to 
the lake from the surrounding terrain. Clay exhibits a high 
loading value (0.89) in factor IV but is unrelated to any-
thing else. Table 30 shows clay is only highly correlated 
with silt. Silt exhibits a high loading value in factor VI. 
Factor VII shows that iron, which exhibits a moderate neg"."' 
ative loading value, may be related to median grain size 
and sorting. 
Factor II from core 120 shov.1s that silt is located at 
the opposite end of the factor axis from clay and median 
grain size (Table 32). The correlation coefficient matrix 
for core 120 (Table 33) shows that silt is highly inversely 
correlated with clay and median grain size, and that the two 
latter parameters are highly correlated with one another. 
These parameters do not appear to be controlled by the same 
I' 
l 
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processes. The silt fraction possibly is composed of some 
component which is present in the near-shore sediments but 
absent in deeper-water deposits. Coarse fraction analysis 
showed the presence of small, gray, sub-equant particles in 
core 120 which were absent from core 110. It is possible 
that the silt fraction of samples from core 120 contains 
significant amounts of these particles whose abundance 
are inversely correlated with clay and median grain size. 
The gray particles appear to be a~gregates of silt grains 
cemented by non-calcareous mineral matter that accumulated 
during very low water stages. Factor III from core 120 
shows that sand and iron are mutually exclusive. This 
suggests that most of the iron is not derived from sand-
sized detrital material. Table 33 shows that sand is in-
versely correlated with iron and all other parameters except 
sorting. The addition of sand to a fine-grained sediment 
population spreads the particle-size distribution which 
. results in poorer sorting values. Iron is not even moderate-
ly correlated with any other variable except organic matter. 
Sorting in factor IV from core 120 is not closely related to 
any sedimentary parameter except sand (Table 33). 
Factor I from core 125 shows iron is moderately 
related to median.grain size and clay (Table 35). In factor 
IV, iron has a high negative loa.oing value similar to that 
for silt and sorting. Iron is moderately well correlated 
with carbonate, silt, clay, median diameter, and sorting 
(Table 36). However, calcium and carbonate are strongly 
1ill 
l 
I 
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correlated with clay, median diameter, and sorting, but 
poorly correlated with silt. It appears·that much of the 
iron is associated with carbonate that may have an allogenic 
origin. Sand exhibits a strong inverse correlation, and 
. . 
silt~ poor positive correlation with carbonate, while clay 
shows a strong cor·relation with carbonate (Table 36). The 
only reasonable conclusion that can be reached, based upon 
the correlations between iron, carbonate, and various 
physical parameters, is that carbonate content is influenced 
by grain size and that the clay fraction contains abundant 
iron. Either carbonate and/or clay minerals contain 
appreciable quantities of iron. 
The results from factor analysis of core 110 indicate 
that four factors explain 75% of the variability in the data. 
The most important process is deposition of organic matter 
which affects water content and controls the magnesium con-
tent of the sediment. Second.in importance is the process 
of primary carbonate deposition which accounts for at least 
50% of the total carbonate content. A third, and equally 
important process, is that of detrital sedimentation which 
is controlled by sediment source. Apparently, texture of 
the sediment source was rather fine-grained during the last 
6000 years. A final, and relatively minor process, is the 
distribution of detrital phosphate. Factor analysis of 
core 120 showed that 3 factors explained 78% of the data 
variability. The most important process is the deposition 
of organic matter followed by carbonate sedimentation. 
: I 
I 
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results of factor analysis from core 125 indicated that two 
factors explained 78% of the variability in the data. The 
deposition of organic matter is again most important; 
followed closely by carbonate deposition and fine-grained 
detrital sedimentation. The latter two processes are 
closely related in core 125, moderately related in core 120, 
and unrelated in core 110 (Table 37). A significant influx 
of coarser sediment would dilute the carbonate content of 
newly deposited sediment, and cause a decrease in organic 
productivity which would decrease the rate of suthigenic 
carbonate deposition. 
~ineralogical da't;._<! 
Factor analysis was performed on only nine surface-
sediment samples from Devils Lake. The results were found 
to be of sufficient interest to discuss at this time. 
Factor III shows that calcium, carbonate, and calcite are 
intimately related, and that aragonite is only somewhat 
less related to the other three variables (Table 38). This 
suggests that the same process, namely carbonate deposition, 
controls these four variables. Factor III shows that median 
diameter, organic carbon, and high-magnesian calcite all have 
negative loadings, while magnesium has a moderate negative 
loading value. On the other hand, dolomite exhibits a high 
positive loading value for the sams factor. Therefore, 
the process controlling dolomite is mutually exclusive of the 
one controlling grain-size, organic matter., and high-magnes.-
ian calcite. Table 39 shows that median dia..'Ueter is 
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strongly correlated with magnesium, organic carbon, and 
high-magnesian calcite, v1hile it is only·moderately corr-
elated with aragonite. It exhibits a strong inverse 
correlation with dolomite: the coarser the texture, the 
greater the dolomite content. Either the dolomite is 
detrital, or it is the product of 1!2:, situ recrystallization 
within the sediment. It appears possible, due to the 
association of median diameter, magnesium, organic carbon, 
and high-magnesian calcite, that formation of this dis-
"' 
ordered calcite is related to organic productivity and 
that subsequent dolomitization takes place by reaction of 
magnesium-rich interstitial water with solid carbonate 
phases. The majority of chemical and mineralogical evidence, 
gathered in this investigation, indicates that the occurrences 
of dolomite and high-magnesian calcite are not controlled 
by the same process. This conclusion seems reasonable if 
high-magnesian calcite is a primary mineral and dolomite 
is mainly a secondary or penecontemporaneous mineral whose 
source of magnesium ions may be derived from the high-
magnesian calcite. Aragonite is more strongly correlated 
with calcite than with any other carbonate mineral. 
Aragonite, and part of the calcite in Devils Lake sediment, 
is controlled by the inorganic process of carbonate super-
saturation. The precipitation of aragonite may be favor-
ed by high apparent supersaturation (Cloud, 1962) of Devils 
Lake water with respect to calcium and carbonate. 
I 
; ! 
! 
Calcite 
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TABL:S 38 
EIGENVALUES (A), ROTAT3D FACTOR LOADINGS (B), 
AND MAJOR FACTOR LOADINGS (C) FOR DEVILS 
LAl<E SURFACE SEDIMENT CHEMIC.AL A..~D 
MINER3\LOGICAL DA'l'A 
A 
Eigenvalues Cumulative% of Total 
Compositional Information 
5.013 55.7% 
2.899 87.8 
• 564 
,, 
91.1 
• 257 97.0 
.198 99.2 
B 
I II III IV V 
-.021 .189 -1.005 .105 -.095 
.038 .841 
-
.065 -.073 .082 
.054 .255 
-
.598 • 668 -.018 
-.089 .909 .048 .365 -.295 
.. 158 -.032 
-
.853 .183 .341 
.oos • 962 .006 .097 -.001 
Mg Calcite .044 -.028 
-
.939 .186 -.024 
Dolomite 
- .. 717 -.021 .939 -.099 -.057 
Aragonite .071 .724 
-
.428 .497 .212 
,<11 
1' • 
- ,' 
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TABLE 38 --continued 
C 
Variable I II III IV 
Md(,S) -.oos 
% Ca .s~1 
% Mg -.598 • 668 
% co .909 .365 
% oc3 -.853 
% Calcite • 962 
% Mg Calcite -.939 
% Dolomite -.717 .939 .497 
,~ Aragoni te .724 
Md(¢) 
% ca 
% Mg 
% co3 
% oc 
% cal. 
% Mg. 
Cal. 
% Dol. 
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TABLE 39 
CORRELATION COEFFICIENT MATRIX FOR DEVILS LAKE 
SURFACE SEDIMENT SAMPLES 
% % % % % % % 
Md(p5) Ca Mg co3 oc Cal. Mg. Cal. Dol. 
1.00 
.22 1.00 
.72 .20 1.00 
., 
.19 .10 .45 1.00 
.ss .os .64 -.09 1.00 
.19 • 77 .31 • 90 -.04 1.00 
.96 -.oo • 70 .01 .84 .01 1.00 
-.91 -.06 -.64 .06 -.97 -.03 -.93 1.00 
% 
Arag. 
% Arag. • 61 .60 .79 .76 • 52 .77 .47 -.53 1.00 
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It is concluded that calcite and aragonite are 
generally the result of primary carbonat·e precipitation 
which is controlled by carbonate supersaturation in the 
aquatic environment. High-magnesian calcite, although 
originally a·primary precipitate resulting from high 
ap~arent carbonate supersaturation, is affected by the 
diagenetic process of solution associated with organic 
matter. The destruction of organic matter in the sediment 
may result in higher partial pressure of carbon dioxide 
., 
and lower pH, thereby producing an environment unfavorable 
for the preservation of unstable_high-magnesian calcite. 
Dolomite appears to be controlled neither by primary pre-
cipitation nor solution, but by the availability of 
magnesium ions for recrystallization. The source of these 
magnesium ions appears to be solution of the metastable 
high-magnesian calcite. 
Depositional Rates 
General 
Five radiocarbon dates were obtained on intervals of 
sediment samples evenly spaced throughout core 120. Two 
radiocarbon dates were obtained from intervals one-third 
and two-thirds the length of core 125. All analyses were 
made using the total organic carbon method. Four of the 
analyses were conducted by Isotopes Inc., Westwood, New 
Jersey,· and three by the Yale University Geochronomet.t:ic 
Laboratory, New Haven, Connecticut. The results o.f the 
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radiocarbon analyses are presented in Table 40 along with 
radiocarbon dates on the carbonate carbon fraction of three 
sediment samples from core 120. The radiocarbon age1 in 
years before present (yrs. B.P.} 1 of each sample is plotted 
against depth in Figure 38. The C-14 dates were applied to 
the midpoint of the dated core interval. 
The average density of solid particles in six samples 
of Devils Lake surface sediment was found by Swenson and 
Colby (1955, p. 37) to be 2.60 grams per cubic centimeter. 
This value was used with the average dry-bulk densities 
(dry-sediment weight per unit volume in the core} of 
intervals between radiocarbon dates to comput~ depositional 
rates •. The calculated depositional rates for. cores 120 
and 125 are presented in Table 41. The rate of sedimentation 
expressed as length per time is rather inexact1 and the unit 
of mass per area per unit time is preferable because it is 
independent of sediment compaction and water content (Emery, 
19€01 p. 253). 
Depo~itional rates of various sediment comeonents 
The depositional rate of total sediment in core 120 
increases steadi~y I from 50 mg/cm2/yr to 146 mg/cm2/yr1 
throughout the length of the core. The increase is relative-
ly gradual except for a more abrupt change between 350 and 
450 cm. The depositional rate of total sediment in core 
125 inc,reases more than two times between 3 and 5 m. 
I! 
,;1 
Sample 
Interval 
(cm) 
66-86 
224-241 
340-358 
494-517 
583-615 
175-208 
466-494 
520-524 
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TABLE 40 
RADIOCARBON DATES OF SEDIMENT SAMPLES 
FROM DEVILS LAKE, NORTH DAKOTA 
Radiocarbon Datet vrs B. 
Location Organic Carbonate 
(core) Carbon Carbona 
Core 120 1120!60 
, 5940±120 
Core 120 2520±130 N.A. 
Core 120 2sso!100 1 s20:!:160 
Core 120 4710±120 9850!160 
Core 120 + 6120-120 N.A. 
Core 125 1940±130 N.A. 
Core 125 3450±125 N.A. 
Creel Bay 1335!95 N.A. 
Gravel Pit 
Peat 
P. 
Source 
Date 
Y-1821 
I-2360 
Y-1822 
Y-1823 
I-2361 
I-2397 
I-2398 
I-1954 
aExplanation for the discrepancy between organic 
carbon and carbonat,e carbon radiocarbon dates is given in 
the chapter on diagenesis of carbonate minerals. 
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Figure 38.--Plot of radiocarbon age versus depth for Devils Lake Cores 120 
and 125. 
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TABLE 41 
DEPOSITIONAL RATES OF TOTAL SEDIMENT AND VARIOUS SEDIMENT COMPONENTS 
IN DEVILS LAKE CORES 120 AND 125 
Depositional Rate oe12ositional Rate of vario1.!_sCom:eonents {mg~cm2/ir) 
Total Sediment Organic Lithogeneous 
(mg/cm2/yr) Calcium Carbonate Matter Matter 
Devils Lake Core 120 
50 3.5 s.s 3.9 37.1 
81 5.7 10.0 4.7 60.6 
100 s.o 13.2 \ 5.4 73.4 
146 10.2 17. 5 5.6 112.7 
146 7.3 15.3 3.4 120.0 
Devils Lake Core 125 
98 6.9 12. 5 6.3 82.3 
219 15.9 27.8 8.7 166.6 
..... 
00 
.... 
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The depositional rates of various sediment components 
can be estimated as the product of their· average abundance 
and the total depositional rate. The absolute rate of 
calcium sedimentation in core 120 (Table 41) increases 
. . 2 
steadily from 3.5 to 10.2 mg/cm /yr to a depth of 450 cm 
and then decreases slightly to the base of the core. The 
absolute rate of carbonate sedimentation follows a similar 
pattern. This is to be expected as calcium and carbonate 
are intimately related in the carbonate minerals. Organic 
, 
matter increases very gradually from 3.9 to 5.6 mg/cm2/yr, 
and then decreases to 3.4 mg/cm2/yr at the base of core 
120. The depositional rate of lithogeneous material increases 
steadily from 37.1 to 120.0 mg/cm2/yr throughout the length 
of core 120. The absolute rate of various sediment compon-
ents in core 125 increases with depth in the core (Table 41). 
The rates for core 125 are 1 on the average 1 75% higher than 
those for core 120. 
Variation in depositional rate 
Table 41 shows that the total sedimentation rate in 
Devils Lake was greater in the past than at present. The 
depositional rate of sediment in the upper 150 cm of core 
120 (50 mg/cm2/yr) is the same as the average depositional 
rate for sediment deposited in Willapa Canyon, located on 
the continental slope off Washington (Royse, 1967, p. 106). 
The average depositional rate for core 120, 105 mg/cm2/yr, 
is close to that for Ventura Basin (133 mg/cm2/yr), located 
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on the continental shelf off southern California (Emery, 
1960, p. 254). The average depositional ,rate for sediments 
in Creel Bay of Devils Lake (160 mg/cm2/yr) is still greater. 
The inorganic sedimentation rate has been steadily 
decreasing (Table 41) during the past 6000 years. The 
organic sedimentation rate has been increasing from 6000 
years to 3500 years before present, after which it has been 
decreasing slightly to the present. This decrease is similar 
to that of Linsley Pond in Connecticut (Livingstone and 
others, 1958, p. 209) which showed a decrease in the organic 
sedimentation rate from 8. 3 to 6. 8 mg/crn2 /yr during a tirne 
interval of 5000 to 3000 years before present. This was 
followed by a more pronounced decrease to the present 
(livingstone and others, 1958). Unfortunately, no other 
appropriate lacustrine sedimentation rates are available for 
comparison with those of Devils Lake. 
Gross Changes in the Sedimentary Environment 
During the Last 6000 Years 
Sediment texture 
Figure 28 shows that the texture of nearly all core 
sa~ples is very fine grained, and that it does not vary 
significantly throughout the length of all cores except 
near the base of core 125 from Creel Bay. The interval 
from 713 to 739 cm is composed of sandy silt and is under-
lain by 2 cm of moderately well.-sorted sand. The particle-
size distributicn of this sand is very similar to that of 
near-shore sand presently found in Devils Lake (Table 53 in 
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Appendix II). The similarity between these sands suggests 
the lake level was very low sometime around 5000 years 
before present. The significant increase in sand (from l to 
4% within the bottom 80 cm of core 110 and 120 suggests an 
influx of detrital sediment about 5500 years before present. 
The rate of lithogenic sedimentation was greatest at this 
time (Table 41) 1 suggesting that the climate of the area 
was more arid and the erosion greater than at present. 
water content 
The water content of the sediment in cores 110 and 120 
decreases gradually to a depth of 6 m, and then rapidly to 
the base of both cores (Figure 28). This decrease in water 
content throughout the last 80 cm of sediment is greater 
than that expected from normal compaction. The gradual 
decrease in water content down to this level probably is, 
however, the result of compaction. Emerx (1960 1 p. 262) 
found that compaction of sediments in the Santa Barbara 
·Basin during the past 6000 years accounted for a decrease 
from 65% to 53% wet weight assuming a normal depositional 
rate of 85 mg/cm2/yr. The only reasonable explanation for 
the relatively low water content in tbe last 80 cm of cores 
110 and 120 is water loss due to desiccation. Rominger and 
Rutledge (1952 1 p. 169-170) found that the water content of 
Lake Agassiz sediment believed to represent an old drying 
surface was between 25% and 35% dry weight. Recalculation 
of the Devils Lake water content values in terms of dry 
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weight resulted in values of 25% to 35% for the lower 50 
cm of sediment in cores 110 and 120. This supports the 
writer's conclusion that the stiff gray sediment encountered 
at the base of cores 110 and 120 from Main Bay of Devils 
Lake represents a drying surface that was formed as late as 
6000 years before present. 
Carbona~ 
The carbonate curves for cores 110, 120, and 125 
(Figure 28) exhibit several major'fluctuations with depth. 
However, they don't represent any significant change in the 
environment of carbonate deposition. The environment was 
probably very similar to that of today, in which at least 
60% of the carbonate is authigenic in origin. The carbon-
ate curves for cores 110 and 120 exhibit two minima: one 
at a depth of from 40 to 60 cm, and the other from 600 to 
670 cm. Tables 45 and 46 show that the amount of high-
magnesian calcite is substantially lower at these levels 
then throughout the remainder of the cores. These minima 
may represent a decrease in the rate of authigenic carbonate 
precipitation during times of very. low water levels. If the 
sediment at the base of cores 110 and 120 was exposed to the 
agents of ~eathering (see section on water content), then 
some of the original sedimentary carbonate may have been 
lost through leaching. This would explain the carbonate 
minima at the base of both cores. 
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There are several major fluctuations in the carbonate 
curve from core 125. These too may reflect periods of 
decreased primary carbonate deposition. However, the 
carbonate minima at 630 cm (Figure 28) is not correlated 
with any of similar-magnitude in cores 110 and 120. 
Calcium-magnesium and calcium-iron ratios 
The Ca/Mg ratio curves exhibit a variation with depth 
very similar to the carbonate content (Figure 28). There is 
a high degree of correlation between calcium and carbonate, 
but a poor correlation between magnesium and carbonate. 
Because at least 50% of the magnesium content is not derived 
from carbonate minerals, an increase in the Ca/Mg ratio 
may reflect increased carbonate deposition. Magnesium is 
moderately cori·elated with organic matter. Therefore, a.ny 
significant increase in the Ca/Mg ratio may represent 
ca.rbonate deposition in excess of what is normal in the 
present sedimentary environment of Devils Lake. The only 
significant increase in the Ca/Mg ratio, from 1.67 to 4.57, 
occurs between 60 and 110 cm in core 110 (Table 23). The 
ratio decreases rapidly to 2.8 at 150 cm and then increases 
to 3.6 at 500 cm. Examination of Table 45 shows that the 
aragonite content and the aragonite/dolomite ratio fluctuate 
in a similar manner to the Ca/Mg ratio. It appears that 
deposition of aragonite has varied significantly during the 
past 5000 years. Fluctuations in the Ca/Mg ratio of core 
120 are not as pronounced as those in core 110. It has been 
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mentioned in a previous section that these sediments, which 
are much nearer the lake shore than those in core 110, may 
have been affected by ground water which has subsequently 
dissolved some of their authigenic carbonate mineral content. 
Table 46 shows that only the sample from a depth of 318 cm 
has a very high aragonite-dolomite and magnesian calcite-
dolomite ratio. This suggests a short period of appreciably 
greater primary carbonate deposition which occurred around 
3200 years before present. , 
The Ca/Mg ratio of sediments in core 125 varies from 
2 to 4. Carbonate mineral data are not available for this 
core, but one can probably assume that substantial fluc-
tuations in the C~/Mg ratio represent variations in primary 
carbonate deposition. Assuming this is the case, then a 
period of maximum primary carbonate deposition in Creel Bay 
occurred approximately 4000 to 3000 years ago. 
The Ca/Fe ratios in all three cores exhibit variations 
with depth which are very similar to those of the Ca/Mg 
ratios. It has been shown that iron is generally correlated 
with organic matter and/or clay content1 and that magnesium 
is correlated with the same parameters. Therefore, varia-
tions in both ratios should be approximately comparable. 
Because the rion content of all three cores does not vary 
appreciably (Figure 28) 1 fluctuations in the Ca/Fe ratio 
are due largely to changes in the calcium content. Because 
90% of the calcium originates from various carbonate minerals, 
and at least 50% of the carbonate content is authigenic, 
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significant variations in the Ca/Fe ratio reflect changes 
in primary carbonate deposition. 
organic carb~ 
Factor.analysis of sediment data has shown that 
deposition, or at least preservation, of organic matter in 
Devils Lake is somewhat independent of carbonate deposition. 
Because not all the carbonate is authigenic, and therefore 
not controlled by processes associated with primary pro-
ductivity in the lacustrine envir~nment, the carbonate 
content may not be positively correlated with the organic 
carbon content of the sediment. Also, there would have to 
be a tremendous increase in orga.nic productivity to cause a 
significant increase in sediment organic matter. For 
example, water-sediment interface sampl.es taken during 1966 
contain one-fifth more carbonate than those taken in 1965, 
while the organic carbon content is only one-tenth higher. 
Primary productivity in 1966 was five times higher than that 
of 1965. 
The organic carbon content of all three cores decreases 
gradually with depth (Figure 28). The lake was not as 
organically productive 5000 years ago as it is at the present.. 
At a lower level of production, i.e.-oligotrophy, more 
of the organic matter will be regenerated by oxidation. The 
organic carbon curves (Figure 28} indicate that Devils Lake 
was probably oligotrophic approximately 6000 years ago, 
that it passed throug~ a mesotrophic stage, and reached an 
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eutrophic stage approximately 3500 years ago. Main Bay of 
Devils Lake appears to have remained in an eutrophic state 
until the present. 
carbon-nitrogen ratios 
·The C/N ratios of samples from all three Devils Lake 
cores exhibit significant intersample variation (Figure 28) 
which may reflect changes in the source of organic matter, 
or diagenetic processes. Carbon-nitrogen ratios of 8 to 
14 in sediments indicate that the"'major portion of organic 
matter is derived from organic material produced within the 
lacustrine environment (Scholl, 1963, p. 1600). Aquatic 
organisms generally have higher nitrogen contents (proteins, 
lipids, fats) than terrestrial plants, resulting in lower 
C/N ratios. However, the variable composition of organic 
matter and different rates of decomposition will affect the 
C/N ratio of a sediment. Trask (1932), Bader (1955), and 
Emery (1960) discuss control of the C/N ratio by the source 
of organic matter and its rate of decay. They point out 
that the use of this ratio as an index to source is limited, 
but Scholl (1963) demonstrated that C/N values for swamp 
sediments in southweatern Florida are controlled by the type 
of sedimented organic matter. The higher ratios, about 13, 
obtained on shelf sediments adjacent to the swamps, indicate 
that terrestrial organic material is present in sufficient 
quantities to alter the normal C/N ratio resulting from 
marine organisms. 
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The average C/N ratio of sediment from the water-
sediment interface and surficial sediment in Devils Lake is 
s.s. The average C/N ratio of sediment from the Devils Lake 
cores is 10. Emery (1960, p. 274-276) points out that 
natur~l alteration of original organic material causes a 
progressive increase in the relative contents of carbon and 
hydrogen and a decrease in oxygen and nitrogen. Therefore, 
the sedimentary organic matter in Devils Lake has undergone 
some loss of nitrogen relative to carbon during the past 
, 
5000 years. 
Table 42 presents the C/N ratios of various organic 
and sedimentary materials compiled from Trask (1939) and 
Scholl (1963). It appears that most of the organic matter 
presently incorporated in the sediment of Devils Lake is 
derived from diatoms. 
TABLE 42 
Carbon-Nitrogen Ratios of Various Organic 
and Sedimentary Materials 
Material 
Peat 
Peridineans (littoral vegetation) 
Diatoms 
Copepods 
Bacteria 
Benthos 
Marine Sediment 
Devils Lake surface sediment 
Devils Lake deeper sediment 
Lithified sediment 
C/N 
15.35 
15,0 
8.3 
s .. o 
4.1 
4.2 
9.3 
s.s 
10.0 
16.0 
191 
The C/N ratios in core 110 vary from 7.5 to 15. It is 
quite possible that some of the higher values represent con-
tribution of organic material containing relatively less 
nitrogen, such as terrestrial and/or littoral vegetation. 
The C/.N ratios of samples from core 120 vary from 8 to 12, 
but exhibit much less intersarnple variation than those in 
core 110. The C/N ratios of core 125 vary from 6 to 10.5, 
and are generally lower than in the other two cores. 
Because cores 120 and 125 are located much closer to the 
.. 
edge of the lake than core 110, one might expect the sediment 
to receive greater quantities of littoral and terrestrial 
vegetation. Many plant fragments were observed in the 
coarse fractions from core 1251 but the sediments from this 
core exhibit lower C/N ratios than the sediments from cores 
110 and 120. It appears that C/N ratios of sediment in the 
Devils Lake cores have limited use as indicators of source 
of organic matter. The low C/N ratios, at the base of all 
three cores are probably the result of more severe alter-
o 
ation (oxidation) of organic carbon during desiccation ~f the 
sediment approximately 6000 years ago. 
Interstitial water/ 
The chloride and sulfate content of interstitial 
water only varies significantly in the upper 100 cm of core 
110 (Figure 37). They both reach a pronounced maximum at 
about 30 cm. 
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The original chloride content of interstitial water in 
recent sediments is affected by the processes of ionic 
diffusion and deposition in conjunction with compaction. 
·Dissolved sulfate is affecte~ by these two processes plus 
bacterial sulfate reduction (Berner, 1964, p. 1497). In 
diffusion, the ions move through the interstitial water 
because of concentration gradients. Ion transport is pro-
portional to this gradient (Weyl, 1964, p. 349). Compaction 
also affects the interstitial wat~r chemistry as weight of 
accumulated sediment causes grains in the lower part of the 
sediment column to pack more economically, thus forcing the 
water to move to an area of lower pressure which is usually 
upward toward the depositional surface. 
Siever and others (1965, p. 63-65) found that chlor-
inity of interstitial water extracted from marine sediments 
did not vary appreciably from that of normal sea water 
(190/oo). They suggest that an idealized distribution of 
dissolved chloride in a homogeneous column of marine sed-
iments would be a gradual increase of chlorinity with depth 
due to the semipermeable membrane behavior of clays. Clays 
act as ultrafiltration membranes that exclude ions and pass 
through fresher water (Siever and others, 1965, p. 63). 
However, this is assuming that the chlorinity of the overly-
ing water has not changed appreciably during the past. The 
constancy of sea water composition and salinity concept is 
accepted by most oceanographers and marine geologists. 
This same concept does not necessarily apply to Devils Lake. 
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vuring the last 110 years, the level of the lake has varied 
45 feet and the salinity has varied at least 18,000 ppm 
(Figure 2). There is no reason to believe that comparable 
variations in the salinity of Devils Lake did not occur 
during the past 6000 years. If the salinity, and thus 
chlorinity, varied on this order of magnitude prior to 
1500 years ago, what process has modified the interstitial 
chloride content so that it appears nearly constant from a 
depth of 2-6.5 m? The only logical explanation is ionic 
diffusion. Kullenberg (1952) concluded, from experiments 
on diffusion of chloride in marine interstitial water, that 
ionic diffusion would tend to obscure original salinity 
differences in a few thousand years. There have been 
approximately 5000 years for ionic diffusion to "smooth 
out" differences in the original salinity of Devils Lake. 
The same process, ionic diffusion, would affect 
dissolved sulfate and tend to ••smooth out" variations in 
the original concentration of this anion. Figure 37 shows 
that there are no major fluctuations in dissolved sulfate 
content below 1 min core 110, although differences as 
great as 5000 ppm do occur below this depth. There may be 
two reasons for these significant variations in sulfate 
content. The variation may be due to differences in activity 
and metabolic rates of heterotrophic sulfate reducing bac-
teria which, under anaerobic conditions, reduce dissolved 
sulfate to hydrogen sulfide (Berner, 1964, p. 1497). The 
major activity of these organisms appears to be restricted 
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generally to the upper few meters of. marine sedimer1t where 
principal fluctuations in sulfate concentration occur. 
Berner (1964) has shown that the idealized model of dissolv-
ed sulfate distribution in recent sediments is a curve that 
is concave down and approaches a vertical asyg;.ptote with 
depth. A test of this model, using data from a marine sed-
iment core1 indicates it is essentially valid. such a dis-
tribution of dissolved sulfate with depth in core 110 is not 
illustrated by the sulfate curve in Figure 37 • 
., 
The other explanation for the appreciable differences 
in dissolved sulfate is that ionic diffusion has not had 
sffficient time to eliminate variations encountered in the 
Devils Lake sediment. As sulfate constitutes 55% of the 
present salinity of Devils Lake water, salinity variations 
on the order of 20,000 ppm would produce differences in 
dissolved sulfate content of 11,000 ppm. Using an approx-
imate diffusion coefficient for chloride in marine sediments 
(Siever and others, 1965, p. 64), the estimated diffusion 
rate for sulfate would be 1 x 10-ll mg S04"cm3/sec. This 
means that approximately 2 mg so4 will diffuse away from 
any given point in a year, or that 1000 mg will diffuse in 
500 years. These calculations, although approximate within 
one or two orders of magnitude, suggest there is insufficient 
time to 0 diffuse away" large differences in dissolved sulfate 
deposited in Devils Lake during any 1000 year period. On 
the other hand, there has been sufficient time to 11 smooth out" 
differences in chloride content, as it constitutes only 10% 
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of the salinity of Devils Lake water. 
It seems reasonable to conclude from.this discussion 
that the large increase in dissolved chloride and sulfate 
content within the upper 100 cm of core 110 reflects a 
significant increase in the salinity of Devils Lake at a 
time represented by approximately the 30-cm depth in the 
sediment column. Radiocarbon dates (Figure 38) indicate 
this salinity increase occurred approximately 500 years 
before present. Another significJnt salinity increase, 
which reflects a significant decrease in lake level, may 
have occurred approximately 4300 years before present. 
This is suggested by a dissolved sulfate and chloride 
maxima approximat~ly 460 cm below the present sediment 
surface (Figure 38). 
ANALYSIS AND INTERPRETATION OF SEDIMENTS 
IN CREEL BAY GRAVEL PIT 
General 
The Creel Bay gravel pit is located adjacent to Creel 
Bay of Devils Lake, approximately half-way up the arm of 
the Bay on the east side. Figure 39 shows the location of 
the pit and the surficial geology' adjacent to Main Bay of 
Devils Lake. The gravel pit exposes 5.5 m (17 feet) of 
moderately-to poorly-sorted sands and gravels containing 
two distinct silt layers and a third silt layer overlying 
17 cm (7 inches) of peat. The elevation of the top of the 
gravel pit is approximately 1435 feet above sea level. The 
top of the pit is a fairly level surface extending one kilo-
meter (3000 feet) in a north-south direction. This surface 
apparently represents a significant stand of the lake level. 
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TABLE 43 
. STRATIGRAPn'Y' OF SILT AND PEAT BEDS FROM THE CREEL BAY 
GRAVEL PIT 
1nterva~-~~~~~~~~~~D_e_s_c~r_i_p_t_i_o_n~~~·~~~~~~~ 
248-50 Y.G (SY 7/2) fine to crse snd: no fossl. 
250-52 Dk.Y.B (lOYR 4/2) .t;'ine snd & slt: gastpds, ostcds, 
252-54 
254-256 
378-79 
379-80 
380-82 
382-84 
384-85 
385-87 
387-89 
389-90 
390-91 
391-93 
393..;;.94 
394-96 
396-98 
398-400 
500-01 
501-03 
503-05 
505-08 
508-10 
510-12 
512-13 
513-14 
517-20 
plnt fragmts. 
Dk. Y. B ( lOYR 4/2) fine snd & sl t: sn1s, plnt frag. 
Y.G (SY 7/2) med to crse snd: no fossl. · 
Y.B (lOYR 5/4) cr~e snd & pbbls ovlY:Ilg fine snd & 
sl t. 
Dk.G (N3) fine snd & slt. 
Y.B cse snd & grvl. 
pale Y.B (lOYR 6/2) mod. well-std med to fine snd. 
Dk.Y.B. mod well-std fine snd &slt, some org. mat. 
Mo Y.B (lOYR 5/4) snd &'grvl grdng to fine snd. 
Dk.G mod. well-std fine snd & slt 
Olv G (SY 4/1) mod. well-std slt: abun. plnt frag. 
Y.B snd & grvl grdng to fine snd. 
Dk.G mod. well-std fine snd&slt: some sm snJ.s, 
many lge pbbls. · 
Y.B mod. well-std med. snd: few pbbls & plnts. 
Mottled olv G & dsky Y.B plnt debris & cly slt to 
Olv G cly slt. 
Y.B poor-std snd ·& grvl grdng to med snd & slt.y snd. 
Y.B poor-std snd & fine grvl. 
Mod. Y.B (lOYR 5/4) mod. well-std med snd: some snl~ 
B.G (SYR 4/1) mod. well-std fine snd: abun snls 
(Phy~o s12.} and plnt frag. 
Lt Olv G (SY 5/2) silt & cly: few snls, abun woody 
mat. 
B.Blk (5YR 2/1) mod. well-std med to crse sand: few 
snls. 
Olv. G (SY 4/1) fine snd & slt: abun woody mat., 
Physa sp...!.., & beetle remns. 
Dsky B (SYR 2/2) peat cont. mostly plnt debris. 
Dsky B (SYR 2/2) very org. rich cly peat. 
Dsky Y.B (lOYR 2/2) peat cont. mostly plnt. debris. 
Dsky B (5YR 2/2) peat cont. mostly plnt debris: 
some land snls. · 
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clean of all foreign material, measured, and described in 
detail. Samples from all distinctive un~ts in the section 
were ta.ken to the laboratory for analysis. Large blocks of 
clayey silt and peat layers were wrapped in aluminum foil, 
and subsequently carefully examined and samples in the lab-
oratory. All samples, except the peat, were analyzed for 
grain-size distribution following procedures described in 
Appendix I. sands and gravels were sieved using screens 
placed at 1-,:S (phi) intervals. The data from size analysis 
, 
was processed through a computer progra..'Yl for calculati.on of 
size statistics (Appendix I). Analyses for total carbon and 
carbonate carbon were conducted on peat and most silt 
samples. The methods are described fully in Appendix I. 
Several samples of peat and silt were examined for fossils, 
but they were not present in sufficient quantity to merit 
anything more than a species presence list. 
Stratigraphy 
The general stratigraphy of the Creel Bay gravel pit 
section is shown in Figure 40. Most of the section consists 
of poorly-sorted gravelly sands and sands. A more detailed 
description of the silt and peat layers is given in Table 42. 
The peat from the base of the section contains mostly 
plant debris consisting of wood fragments, leaves, ~eeds, 
beetle remains, and a few snails. Some of the peat·contains 
significant quantities of clay, indicating influx·of detrital 
sediment. Imrnediately a,bove the peat layer is a silt layer 
Which contains abundant wood fragments. ·These have not 
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The sands and gravelly sands represent more of an 
interpretive problem. Most samples from the section are not 
well-sorted beach sands that one might associate with strand 
lines. They are certainly not similar·to present beach 
sand deposited along the shore of Devils Lake, as sorting 
values ((('¢) for this sand range between 0.40 and 0.60 phi 
units, and they contain few granules and no pebbles. The 
source of the sands exposed in the gravel pit section was 
probably outwash deposits that un~erlie a thin till deposit 
to the west across Creel Bay (Figure 39), and glacial till 
exposed on the west shore of the Bay immediately east of the 
gravel pit section (Figure 39). Both these sources contain 
abundant pebbles which are too large to be transported any 
significant distance by wave action. It is apparent that 
waves had sufficient energy to winnow out and transport 
finer material (silt and clay), but left the coarser gravel 
behind as a lag deposit within the beach sand. This explains 
the polymodal character of these gravelly sands. The sand 
represents sorting of material by wave action, and the 
pebbles are a lag deposit. Sediment source appears to have 
exerted a pronounced affect upon the size-frequency distri-
bution of beach deposits in the Creel Bay gravel pit section. 
The moderately-well sorted, strongly unimodal sands 
that occur at depths of 30 cm, 160 cm, 225 cm, 260 cm, 390 
cm, 400 cm, 450 to 480 cm, 508 cm, and 520 cm, (Figure 40) 
probably represent times of stabilized lake level when 
waves reworked previously deposited beach material. The 
207 
remaining poorly-sorted sands and gravelly sands must repre-
sent a rapidly fluctuating lake level when waves encountered 
poorly sorted source material for only short periods of time. 
Chemical data 
Obviously, the organic-carbon content of the peat is 
substantially higher that that of the overlying silts 
(Figure 40). The C/N ratios are also significantly higher, 
ranging between 16 and 23. These C/N ratios are well within 
the range ( 15 to 35) for fresh-wa-t.er peats (Hansen, 1959). 
The upper sample from the middle silt layer (320 cm on 
Figure 40) has a C/N ratio of 21, scggesting a significant 
contribution from terrestrial vegetation. 
Fluctuation in the Lake Level During the Last 1400 Years 
Age of the gravel eit section 
Radiocarbon analysis of a peat sample taken from the 
base of the gravel pit section (Figure 40) gave an age of 
1335±95 years before present (Isotopes Inc., Westwood, New 
Jersey, sample number I-1954). Obviously,· the depositional 
rate for all sediment in the section has not been the same, 
and it probably was substantially greater during deposition 
of sand than during deposition of silt. Because sand con-
stitutes approximately 90% of the total section (Figure 40), 
any depositional rate should approximate that of coarse 
sand and not of silt. Assuming the depositional rate for 
most of the sand in the gravel pit section is relatively 
constant, the computed sedimentation rate for the sediment 
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deposited in the Creel Bay gravel pit section is 44 cm per 
100 years. The assumption of a relatively constant.depo-
sitional rate probably is not valid, as there may be times 
of non-deposition as well as times of very rapid sedimenta-
tion •. However, it must be made in order to date different 
beds in the gravel pit section. The depositional rate was 
computed using the thickness of sediment between the peat 
and the upper surface of the gravel pit (17 feet). Uph~n 
(1895, p. 595) reported that Devils Lake had an elevation 
, 
of 1441 feet (corrected to the 1929 datum) in 1830. This 
stand of the lake level probably marks the last time sedi-
ment was actively deposited at this elevation. Consequently, 
if the estimated number of years since this strand line was 
last occupied is subtracted from the age of the peat, a 
figure of 1200 years is calculated for the age of the 
gravel pit section, and it is this figure that is used for 
determining the depositional rate • 
.Q_rJ::lin of oeat 
Any climatic situation that would aid in the formation 
of peat, such as a ·wetter and cooler climate, would also 
cause the water level of Devils Lake to rise. Peat origin-
ates from rapid burial of plant material growing in swamps. 
These swamps are usually areas of stagnant water. The only 
logical explanation for the origin of the Devils Lake peat 
is that sometime around 1400 yea::s ago an offshore bar, or 
other natural barrier, formed in Creel Bay and isolated 
',, 
,!if 
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part of the Bay resulting in formation of a swamp. The 
barrier might have been a storm beach or.a prominant beach 
associated with a previous higher lake level. Obviously, 
bydrologic conditions were such that there was sufficient 
water to support a swamp but insufficient water to cause 
significant overflow to open water and thus connect the 
swamp with the lake. water may have been contributed by 
surface runoff, groundwater seepage, seepage of lake water 
through the porous material within the barrier, and occasional 
,, 
flooding of the swamp by lake water during storms and short-
lived rises in lake level. 
There were reeds and other aquatic vegetation growing 
in the swamp as well as abundant vegetation, probably trees, 
growing adjacent to the swamp. Although the present peat 
deposit is 10-cm thick, original thickness was probably on 
the order of 25 cm. water loss, caused by weight of over-
burden, compacted the peat approximately 60% (Twenhofel, 
1950, p. 468). 
The Creel Bay peat deposit has several layers (Table 
42: a basal plant-rich peat layer, an organic-rich clayey 
peat layer, another plant-rich peat layer, another organic-
rich clayey peat layer, and an upper plant-rich peat layer. 
The clayey peat layers represent influx of inorganic detrital 
sediment resulting from a slight rise in lake level. 
The swamp that formed the peat probably lasted 10 to 
15 years, as this is the estimated time for accumulation of 
20 to 30 cm of uncompacted peat (Twenhofel, 1950, p. 468). 
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Because the radiocarbon date is from the upper plant-rich 
·. peat layer, the swamp probably formed approximately 1350 
years before present. The climate of the Devils Lake region 
at this time must have been somewhat cooler and possibly 
wetter than at present, otherwise the swamp would have dried 
up or become quite saline through evaporation. The presence 
of this peat, which occurs approximately 10 feet above the 
present lake level, indicates that the water level was 
relatively stable for 10 to 20 years, otherwise the swamp 
, 
would be drained by a significant decline in lake level, or 
flooded by a significant rise in lake level. The presence 
of beetle remains, and the snail .E,,hy~a se., suggest that this 
area was not a saline swamp. To the best of the writer's 
knowledge, no other peat with a similar age (500 A.D.) has· 
been reported from the northern Great Plains region. 
Fluctuations in the lake level 
Rising lake level, resulting in wave agitation and 
significant inorganic sediment influx, destroyed the peat 
swamp and deposited fine sand, silt, and coarse sand over 
the peat layer. The sand contains abundant fragments of 
wood and snail shells indicating a shallow littoral environ-
ment. 
The lake level went down at least 3 m during the 
period from 650 to 750 A.D. Moderately-sorted medium to 
coarse sand was deposited in the near-shore area .. The lake 
level began to rise again and rose to a maximum level, at 
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at least 5 m {15 feet) higher than the previous level, which 
· covered the sands with silts and clayey silts sometime 
around 960 A. D. It must be remembered that the lake level 
is generally rising throughout deposition of these sands 
and silts, although it decreases intermittently during de-
position of beach material. Any rise in lake level, illus-
trated in Fig,...1re 40 1 represents a significant increase in 
lake level (3 m) over and above the normal rate of increasev 
The date of 960 A. D. for a significantly higher water level 
" in Devils Lake correlates with a time of wetter, cooler 
,/ 
climate in the northern Rocky Mountain region (Schulman, 1956) 
and maximum precipitation in the Nile River region of Africa 
(Brooks, 1949} .. 
The lake level went d01,m once again to a minimum 
level (3 m lower) around 1120 A. D. 'l'he poor sorting of the 
gravelly sands suggests that the major source of sediment 
was not previously sedimented beach deposit~ or, that the 
lake level was not significantly stabilized. 
The lake level rose again approximately 5 m, and 
attained 1ts maximum elevation arc:,und 1230 A.D. This date 
corresponds to a period of wetter, cooler climate in the 
northern Rocky Mountain region (Schulman, 1956) and maximum 
precipitation in the Nile River region (Brooks, 1949). 'l'he 
silt layer representing this significant rise in lake level 
is only 4 cm thick, suggesting the lake did not remain long 
at this level. 
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The la!rn level went down 1 to 2 m until sometime 
a.round 1450, after which it rose slowly, ·undoubtedly with 
many minor fluctuations, until approximately 1800 A.D. From 
this time, it has declined steadily to its lowest historical 
level in 194d. The lower lake level around 1450 A.D. 
corresponds to a period of low precipitation in the Nile 
River region (Brooks, 1949) and drier, warmer climate in 
the northern Rocky Mountain region (Schulman, 1956). 
DIAGENESIS OF CARBONATE MINERALS IN DEVILS LAKE SEDIMENT 
General 
Purpose 
The purpose of this chapter on carbonate mineral 
diagenesis is to demonstrate that at least three of the 
four carbonate minerals present i"h Devils Lake sediment have 
\ 
undergone compositional and/or quantitative changes contem-
poraneous with or subsequent to deposition. A rigorous 
trea~ment of carbonate diagenesis is not intended here, as 
no useful purpose would be served by such a detailed 
discussion. It is thought that, because carbonate mineralogy 
is used in part to reconstruct the past sedimentary environ-
ment of Devils Lake, the following discussion of carbonate 
mineral diagenesis is needed to clarify the usefulness of 
these minerals as paleoenvironmental indicators. 
Analysis 
Sediment samples used in this study of carbonate 
diagenesis were taken from the water-sediment interface, 
the surface sediment, and various levels in cores 110 and 
120 from Devils Lake. 
Interst.itial water was extracted by a hydraulic 
sediment squeezer., similar to that described by Manheim (1966, 
P. 256-261). Details of extraction, dilution, and chemical 
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analysis of the interstitial water from core 110 are given 
in Appendix I. 
Carbonate mineralogy was examined by an X-ray diff-
raction method. A Phillips-Norelco X-ray unit with Ni-
filtered CuK alpha radiation was used for this purpose. 
Diffractometer scans were made between 25° and 35° 20, at a 
scan speed of either 1;20 28 per minute of 20 28 per minute. 
Other conditions of measurement were: 1 sec time constant, 
kv==45, ma=15, silt system 1°-0.00.6 11-1°.· The method used to 
estimate the peak areas of high- and low-magnesian calcite 
,-
is discussed in the mineralogical analysis section of the 
chapter on core analysis. The high-magnesian calcite 
mineral consistently showed a peak at 29.8° 28 while the low-
magnesian calcite mineral peaked at 29.40 28. The position 
of the high-magnesian calcite peak indi.cates that the calcite 
contains approximately 13 mole% Mgco3 in solid solution. 
The approximate percentages of various carbonate minerals in 
the carbonate fraction were used in conjunction with the 
analytical calcium, magnesium, and carbonate content of all 
samples in the total sediment sample. 
Interstitial water Chemistry 
Water chemistry of present Devils Lake water 
Tab-le 43 presents_ the chemical data for Devils Lake 
water samples taken from a depth of 1 m between June 1965 and 
July 1967. The ion ratios are of most interest and show 
that only dissolved calcium has varied significantly during 
TABLE 44 
( 
CHEMICAL AN"ALYSES OF DEVILS LAKE WATER, 1965 to 1967 
.M Mg++ ~++ M Ca++ -sample lOOX lOOX lOOX lOOX lOOX M SO - pH lOOOX 
Date M ca++ M Mg++ M Alk M Cl- M so4 MCa++ M Cl- M. Cl .tvl~· PC02 
6/11/65 .200 2.14 1.49 3.78 7.50 10.7 • 567 • 053 1.98 a.so .12s 
8/19/65 .207 2.26 1. 57 4.00. 6.98 10.8 .565 .052 1. 75 8.70 .048 
9/13/65 .203 2.28 1. 41 4.02 7.55 11.2 .567 .050 1.86 8.83 .028 
12/ 5/65 ·• 233 2.37 1.65 4.23 7.19 10.2 • 560 .055 1.70 8. 82 • 025 
2/27/66 .265 3.18 2.05 4.98 9 .. 30 12.0 .638 .053 1.87 8.30 .245 
5/10/66 .188 1.95 1.39 3.12 5.78 10.4 .625 .060 1.85 .B.87 .025 
"' 7/21/66 .213 1.86 1.39 3.13 5.43 B.7 .594 .065 1.73 9. 00 • 012 f-1 
9/17/66 .150 2.12 1.32 3.64 6.19 14.1 • 582 .041 1.70 B.85 .034 tn 
10/23/66 .• 125 2.11 1.46 3.64 6.13 16.9 • 580 .034 1. 68 8.98 .022 
12/31/66 .210 2. 51 1. 57 4.37 7.97 12.0 • 575 ' • 048 1.82 8.70 .049 
3/29/67 .225 2.55 1.77 4.41 8.34 11.3 • 578 • 051 1.89 s. 75 • 036 
5/30/67 .167 1.89 1.36 3.29 5.73 11.3· • 574 • 051 1.74 9.03 .013 
7/ 6/67 .190 1.96 1.40 3.16 5.59 10.3 • 620 .060 1.77 s. 78 .037 
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TABLE 45 
CHEMICAL AND ELECTROCHEMICAL A.'J\:fALYSES OF INTERSTITIAL 
WATER AND ASSOCIATED SEDIMENT FROM DEVILS LAKE CORE 110 
lOOX lOOX lOOX lOOX lOOX M Mg++ 
Mca++ MMg++ M Alk MCl- MSO = 1Mca++ 4 
0-10 .388 4.13 2.81 s.02 11.87 10.65 
.10-20 .390 5.27 .97 5.73 14.80 13.50 
'20-32 .295 6.73 4.37 7.31 16. 92 22.85 
32-42 .453 9.20 4.85 6.72 23.75 20.30 
42-53 .255 7.35 4.12 6.17 19.58 28.85 
53-59 .302 7 .34 3.98 "' 6. 38 , 15. 83 24.30 
· 59-72 .225 4.34 4.27 6.27 11.77 19.30 
72-81 .162 3.39 4.12 4.98 7.45 20.95 
81-94 .117 2.76 5.23 4.29 4.58 23.60 
94-106 .108 2.76 5.05 4.12 4.56 25.55 
·106-115 .155 2.84 4.12 4.40 4.88 18.32 
!115-123 .110 2.68 4.56 3.59 4.36 24.35 
ti 
.112 2.26 5.14 3.25 3.13 20.20 d23-137 
)J.37-148 .102 2. 51 5.33 3.19 3.70 24.60 
1148-159 .115 2.50 5.28 3.25 3.44 21.70 
159-171 .130 2.28 5.43 2.67 3.07 17.50 
171-183 .100 2.21 5.14 4.34 22.10 
(183-194 .105 2.46 5.67 2.91 3.67 23.40 
194-205 .;155 2. 52 5.77 2.85 4.09 16.30 
.205-216 .ass 2.44 5.72 2.79 3. 67 28.70 
!231-242 .090 2.os 5.92 2.50 2.51 22.80 
253-260 .153 2.80 4.70 2.56 4.73 18.30 
~275-287 .145 2. 61 2.23 2.73 5.82 18.00 
t303-310 .130 2.66 5.00 2. 91 4.32 22.40 
25-332 .107 2. 63 4.65 3.02 4.22 24.50 
1341-356 .068 1.84 5.38 2.56 2.29 27.10 
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TABLE 45--continued 
MMg++ Mca++ lOOOX lOOOX 
,_ 
MSo4-/ /Mel- /Mel- MCl- pH Eh,±mv PH2S PC02 
.823 .077 2.37 8.15 -82 .0001 .32 
• 918 .068 2.58 8.15 -94 .0001 .33 
• 920 .040 2.31 8.01 -118 .0005 .90 
1.386 .068 3. 53 8.02 -126 .0004 .74 
1.190 .041 3.17 7.98 -130 .0020 .14 
1.148 .047 2.48 /J. 87 -135 .0050 1.75 
• 692 .036 1.88 7. 76 -133 .0600 3.47 
• 679 .033 1.49 8.10 -130 .0020 .96 
• 643 .027 1.07 7.82 -141 .0090 5.37 
• 662 .026 1.10 7.90 -141 .0009 3. 63 
• 645 .035 1.11 7.87 -138 .040 2.88 
.747 .031 1.21 7.91 -146 .0090 3.16 
• 695 .035 .96 7.80 -144 .010 5.13 
.787 .032 1.16 7.80 -114 .0010 5.62 
• 769 .035 1.06 7.82 -116 .0010 4.57 
.853 .049 1.14 7.86 -119 .0010 3.13 
• 509 .023 7.84 -117 .0010 4.78 
.845 .036 1.26 7.89 -116 .0010 3.55 
.884 .054 1.39 7.91 -132 .0030 2.24 
.875 .031 1.32 7.87 -122 .0020 4.58 
.818 .036 1.00 7.97 -122 .0010 2.95 
1.095 .060 1.85 1.87 -129 .0030 2.69 
• 957 .053 2.13 7.91 -121 .0010 2.40 
.913 .045 1.48 7 .85 -131 .0040 3.55 
.871 ·• 035 1.40 7.88 -120 .0010 3.72 
.717 .027 .89 7.79 -122 .0020 8.90 
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t,een identified with certainty, but the internal transverse 
structure appears to be similar to that of bur oak presently 
growing around the shores of Devils Lake. 
Snails and ostracod.s are present in the peat and silt 
layers_. Gyraulis 2arvus (sa.y) and Physa sp. were the only 
abundant snail species found in these layers. 
Grain-size Distribution 
The mean grain size (Mz¢), sorting ( ¢), skewness 
(+ or -sk1 ), and percentage silt for all the analyzed gravel 
pit samples are plotted against depth in Figure 40. The 
average mean diameter of the sands and gravelly sands is 
approximately 1 ¢ (O. 5 mm). 'l'he mean diameter of the 
clayey silts averages 6.5 ¢ (0.012 mm)~ and that of the muddy 
sands 3 ¢ (0.125 mm). The sands and gravelly sands contain 
essentially no silt. only the finer-grained sediment in the 
peat and silt layers contain significant quantities of silt. 
The majority of the sand and gravelly sand samples 
are poorly sorted with values ranging between 1-and 2-¢ 
deviations (Folk, 1966, p. 84). The silts and clayey silts 
are _very-poorly sorted with values ranging between 2-and 3.5-
¢ deviations. Three samples are moderately sorted co;, 
·between o .. 71,S and 1.00,S)# and three sampJ.es are moderately-
well sorted ((¢ between o. 509-,S and o. 71¢). The majority 
of sands and gravelly sands are coarse skewed, while the 
muddy sands and silts are fine skewed (Figure 40). 
) 
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Chemical Composition 
carbonate content 
The peat contains approximately 7% carbonate, while 
the silts contain between 7.5% and 16%. 
orqanic carbon content 
The peat has the highest organic carbon content 
(Figure 40), which averages .approximately 23.5% for the lay-
ers of woody peat and 16.5% for the layers of clayey peat. 
" 
The organic carbon content of the silt layers varies between 
1% and 10%, the amount generally depending upon the texture 
of the sample. 
carbon-~itroqen ratios 
The C/N ratios of sediment containing significant 
quantities of plant fragments average approximately 20, 
while those for other organic sediments average approx-
imately 10. The C/N ratios are high in the peat, but fall 
to normal Devils Lalce sediment values ( 10) in the silt. 
Environmental Significance of the Data 
Grain-size data 
Most of the sands and gravelly sands are poorly sort-
ed with graphic standard deviation values (6¢) ranging 
. between 1 and 2 phi(¢) units. The sands in the gravel pit 
section appear to be beach sands 4 The pebbles·and.sand 
grains exhibit a round to subround shape and the age of the 
deposits, 1300 years before present (see next section), 
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precludes a glacial origin. Naturally, one might think 
beach deposits would be moderately-well sorted. It is 
generally true that beach sands are better sorted than 
river sands (Folk and Ward, 1958) with graphic standard 
devia1:ion values ranging between 0.25 and 0.40s6 units. The 
better sorting is largely due to the sweeping oscillatory 
motion of the breaker zone on a beach, which tends to sep-
arate fine-grained suspended particles from coarser-grained 
particles moved by saltation (Friedman, 1967). Fine 
; 
particles are transported -to deeper water, and coarser 
particles remain as a lag deposit. The size-frequency 
distribution of beach sands is truncated at the fine-grained 
end. 
The sorting of sands and grave~ly sands in the Creel 
Bay gravel pit is generally poor. Most samples contain 
significant amounts of gravel but very little silt (Figure 
40). The finer material has been removed to deeper water, 
and the coarser particles (pebbles) left behind as a lag 
deposit. The six samples, with sorting values less than 
1.0¢ (Figure 40), probably represent times when the 
level was stabilized for an extended period of time. 
reworked previously deposited sand and 
The sorting values for present littoral sands in 
Lake range between 0.40 and 0.60 (J¢. such sorting 
probably are minimal for the Devils Lake environment. 
The sorting values ((}¢) of the sandy silts and silts 
not vary appreciably from 3 phi (s6) units. These sorting 
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values are typical of clayey silts and silty clays presently 
deposited in Devils Lake. 
Nearly all the sands and gravelly sands are moderately-
to strongly-coarse skewed (Figure 40), a situation normal 
for beach sands (Friedman, 1962). On the other hand, the 
silts are moderately-to strongly-fine skewed, similar to 
present muds in Devils Lake. 
Figure 41 shows typical size-frequency distribution 
curves for sand and gravelly sand,samples from eight differ-
ent levels in the gravel pit section. They show that most 
samples are strongly bimodal, with major modes at -2¢ (4mm), 
and +1¢ or +2¢ (0.5 or 0.25 mm). The few unimodal samples 
are moderately-well sorted sands from the section. Figure 
42 shows size-frequency distribution curves of several silt 
samples from the section. All samples exhibi~ a very strong 
mode between 4 and 5¢ (62 and 31 microns) except one, from 
375 cm, which exhLbits .two prcminant modes at 3¢ and Sp. 
All but one (390 cm) of the silt samples has a minor mode 
at llp (o.5 microns), which represents the medium clay 
fraction common in all "deep wat~r 11 samples from Devils Lake. 
The environmental significance of the silt layers in 
the gravel pit section is relatively simple. They represent 
periods when the water level rose significantly and cover-
ed the area immediately adjacent to the pit to a depth of 
at least 2.1 m (7 feet). This is the water depth at which 
similar medium silt is found in Devils Lake today. 
!/ 
the study period. 
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The partial pressure of co2 in the water, 
calculated using the formula Pc02 = 
given by Berner (1966, p. 26) 1 
. aH+2 
averages approximately 5.3 x 10-5 atmospheres, which is 
considerably lower than the figure of 3.0 x 10-4 atmospheres 
usually given for sea water and the atmosphere (Berner, 1966, 
p. 26). Only two samples, taken in June 1965 and February 
1966, exhibit values that are close to that of the atmosphere. 
The value of 2. 45 x 10-4 in February 1966 probably reflects 
production of co2 by oxidation of organic matter and respi-
ration of zooplankton which were found to occur in great 
abundance beneath the ice at that time. 
Interstitial water chemistry 
The chemistry of 26 interstitial water samples extract-
ed from approximately 10-cm intervals in core 110 is present-
ed in Figure 44. The same units are used for both sets of 
chemical data, lake water and interstitial water, which 
allows direct comparison between the two waters. The average 
M ca•+;M c1- ratio of Devils Lake water is 0.053, while the 
average M Mg*+/M Cl- ratio is o.586. The average M Mg++;M ca++ 
if 11.5. The M ca++/M c1- ratio of interstitial 
from core 110 ('!·able 44) decreases from 0.077 at the 
top to 0.036 at 72 cm. Below this level the ratio does not 
vary significantly from 0.035 except in the intervals 159 to 
171 cm, 194 to 105 cm, and 25.3 to 310 cm. The M Mg++;M c1-
ratio in the interstitial water increases from 0.923 at the 
top to 1.386 at 38 cm, and then decreases to 0.645 at 110 cm. 
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,. 'I'he ratio increases gradually (with one exception at 175 
cm) to 1.095 at 256 cm and then decreases to 0.717 at 350 
cm (Table 44). ++ ++ The M Mg /M ca ratio increases steadily 
from 10.65 at the top of the core to 28.85 at 48 cm, a.nd 
subsequently decreases to approximately 20 at 75 cm. The 
ratio does not vary too significantly from 22 throughout the 
remaining 175 cm except in samples from the 106- to 115-cm, 
159-- to 171-cm, 194- to 216-cm, and 341- to 356-cm intervals 
in the core (Table 44). , 
There. is.a relatively significant increase in the 
M ca+t.M c1- ratio of the interstitial water in the upper 
40 cm of the core over the present lake water. Below 40 
cm,, the average ratio in the interstitial water is significant-
ly lower than that of the lake water (Table 44). The inter-
stitial M Mg+JM c1- ratio is significantly greater in the 
upper 60 cm of the core tha~ the lake water, similar to 
lake water in the interval from 60 to 160 cm, and significant-
ly greater than the lake water in the remaining samples 
(Table 44). ++ ++ The M Mg /M Ca ratio of the interstitial 
water from the upper 20 cm is approximately the same as 
the overlying lake water,, but all ratios from depths below 
20 cm are 2 to 3 times the average ratio for lake water. 
From the data in Table 44, it appears that some carbon-
ate.has gone into solution. The partial pressures of CO2 in 
the sediment are 10 to 50 times greater in the upper 60 cm 
and 100 to 200 times greater below this depth (Table 44) than 
in the overlying lake water. Because the M ca+JM Cl- ratio 
. "' 
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in the upper 40 cm if sediment is .higher than the 01,erlying 
lake water., it is reasonable to conclude.that some caco3 
mineral(s) has gone into solution. However, what is much 
more apparent from Table 44 is that some Mgco3 mineral(s} 
bas gone into solution in the upper 40 to 50 cm of sediment, 
because the M Mg+7M ca++ ratio is nearly triple that of 
average lake water. 
The next logical question is what carbonate minerals 
have apparently gone into solutiop? What carbonate minerals 
are stable in the Devils lake aqueous environment. Figure 
43 shows the variation of calcium activity in equilibrium 
with dolomtte as a function of pH for certain fixed va.lues 
of magnesium acti~ity and a total dissolved carbonate 
activity of 10-3 moles per liter. Several analyses of 
Devils Lake surface water are plotted in Figure 43, and 
indicate that the magnesium activity in equilibrium with 
dolomite should be approximately 10-4 moles per liter. If 
the activity coefficient for magnesium is approximately 0.04 
(Tables 6 and 7}, then the average magnesium activity for 
Devils Lake water (Table 43) becomes 10-3.l moles per liter. 
It is apparent that there is an excess of magnesium ions 
above the equilibrium value for dolomite. A few interstitial 
water samples are also plotted in Figure 43 and give a 
magnesium activity of approximately 10-2 moles per liter for 
equilibrium with dolomite. The calculated magnesium activity 
in the interstitial water sa~ples from the upper 60 cm in 
core 110 is approximately 10-2 • 6 moles per liter. This value 
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is.somewhat lower than that calculated for equilibrium with 
dolomite. However, a glance at Figure 43 shows that surface 
water samples approach equilibrium with both calcite and 
dolomite, while interstitial water samples are in equilibrium 
only with dolomite, and that calcite is more soluble than 
dolomite in the sediment. A plot of surface and interstitial 
water samples on a stability diagram for the system Mg0-
cao-H20-co2 (:e'igure 44), shows that both waters are in equi-
librium with dolomite whose solubtlity product is close to 
the true solubility product of dolomite (Hsu, 1967, p. 189). 
On the average, the interstitial water is more supersaturated 
with respect to dolomite than Devils Lake surface water 
(Figure 44). 
++ A compa:c.iscn of Tables 43 and 44 shows that the M Ca/ 
' M Cl- ratios of interstitial water samples, to a depth of 
40 cm, are higher than overlying lake water. An increased 
M Ca+lM Cl- ratio is readily explained by dissolution of 
Caco3 in the sediment (Berner, 1966, p. 20). The much higher 
(than lake water) values of Pc02 and lower values of pH 
shown by all sediment sarr,ples (Table 44) must result in 
solution of calcium carbonate in a lacustrine or marine sed-
iment can be represented b"y the reaction: CaC03 + H2Co3 ~ 
++ - ( ) Ca + 2aco3 Krauskopf, 1967, p. 81. If the calcium con-
centration in the int·~rsti tial water represents only 
solution by this mechanism, then the increase in dissolved 
bicarbonate ove:r:· that expected for normal Devils Lake water 
should be twice the increase in dissolved calcium. This can 
' L.... 1111111 
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, · Figure 41.--Activity of calcium ion in equilibrium with 
dolomite as a function of pH for fixed values of magnesium ion 
·activity at 2s0 c, one atmosphere total pressure, and a dis-
solved carbonate activity of 10-3 • Solubility curve of calcite 
included for comparison. (after Bricker and Garrels, 1967, p .45 7). 
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Figure 42.--Stability relations in the system MgO-CaO-
H20-co2 at 25°c and 1 atmosphere total pressure. Dashed lines 
represent change in stability fields resulting from a hundred-
fold increase in the solubility of dolomite. {after Bricker 
and Garrels, 1967, p. 458) • 
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224 
be represented by th:? following equation_: MHco3 + MHc~LW ~ 
2 (Mca++ + Mca+-+Lw) •.:here LW refers to overlying lake water. 
By deriving an equation for Devils Lake that relates 
the increase in dissolved calcium to pH, a comparison of 
lake- and interstitial-water samples can be made in order to 
estimate the relative stability of various calcium carbonate 
minerals with respect to these waters. such an equation was 
de.rived following the example of Berner (1966, p. 21) for 
sea ·water, and it is presented irr Figure 45. The plotted 
points for lake-water samples fall near the theoretical 
line for high-magnesian calcite (Figure 45). Carbonate 
saturometry measurements have already sho·.m that the lake 
water is near equilibrium with high-magnesian calcite and 
aragonite. The plotted points for the interstitial water 
from sediments (0-80 cm) containing low concentrations of 
dlssolved sulfide (low pH28 ) fall .near the theoretical 1 ine 
for aragonite and low-magnesian calcite (Figure 45). 
Saturomater calculations indicate this water is slightly 
supersaturated with respect to aragonite. The samples, from 
lower d.epths in core 110 containing significantly greater 
concentrations of dissolved sulfide, fall below the line for 
calcite. . one cause of the low values of log B, or low 
J• 
++ 
values of M Ca , and its apparent relation to a2s content, 
is reduction of dissolved sulfate by heterotrophic sulfate 
reducing bacteria (Berner, 1964). Hydrogen sulfide, as well 
as co2 , is produced as a result of the metabolic process€.:,; 
of these sulfate bacteria which live on decomposed organic 
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matter in the sediment (Berner, 1966, p. 21). The reduction 
of sulfate to sulfide results in adding excess HC03 which 
causes a lowering of M. Ca++ in order to maintain equilibrium 
with Caco3 • Berner(l9661 p. 23) discusses several mechanisms 
<t+ 
whereby low values of M Ca , and therefore log B, can be 
obtained. 
Compe,.rison of Devils Lake water and interstitial 
water analyses indicate_ both waters are relatively stable 
with respect to low-rnagnesian cal9ite and aragonite. Lake 
water is possibly stable with respect to high-magnesian 
calcite and dolomite. Interstitial water appears to be 
quite stable with respect to dolomite but relatively unstable 
with respect to high-magnesian calcite. 
CARBONA.TE MINERALOGY 
Water~sedimer~t interface and surface sediment 
• r 
Table 48 presents the average carbonate mineral com-
position and mineral ration for glacial till, water-sedi.mcnt 
interface samples, and surface sediment samples. The 
calcite/dolomite ratios of the till and water-sediment inter-
face are very close to one another (1.13 and 1.03 respectiv-
ely). However, the calcite/dolomite ratio of the surface 
sediment is much lower (.75) than that of the other two 
sediment groups. This suggests that, either calcite has 
decreased relative to dolomi~e 6 or dolomite increased rela-
tive to calcite. Table !17 s11.ows that the average calcite 
content of the surface sediment is approximately 30% greater 
7.0 
-2.60 
-3 .40 
-3.80 
i:x:i 
t? 
0 
...:I 
-4.20 
-4.6 
-s.:.oo 
226 
7.5 8.0 
' 
" 
.• 
,, 
LEGEND 
•core 110 int er-
sti tial .wate 
•n~vils Lake 
water 
pH 
8.5 9.0 9.5 
ALCITE{l3 Mole %6MgC03, K' =10- · 50 ) sp 
-5 .40 "------....-------r-------..-------........ ---
7. 0 7.5 8.0 8.5 9.0 9.5 
pH . 
Figure 43.-~Plot of meas~red pH versus log B for Devils· 
Lake Core 110 sediments. B=M ca++{2M ca+++o.7317 MCl-). 
Straight lines represent theoretical relations expected for 
equilibriwn with low- and high-magnesian calcite and aragonite. 
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than the average calcite content of the water-sediment 
interface. However, the dolomite content is nearly 100% 
greater. The differenc~1 in the high-magnesian calcite/ 
dolomite ratio between the two sets of samples is even more 
striking (Table 48). While the average dolomite content of 
the surface sediment is 100% greater than that of the water-
sediment interface, the high-magnesian calcite content if 
100% lower, which results in a very significant decrease in 
the high-magnesian calcite/dolomite ratio from 2.33 to 0.57 
"' 
such a significant decrease in metastable calcite, and an 
increase in dolomite. suggests solution of high-magnesian 
calcite and precipitation of dolomite. Th.is process of 
solution and precipitation might be represented by the 
following mechanism: 
1.) Solution of high-magnesian calcite or aragonite 
·(ca. 95Mg. 05 )co3 + H2Co~.95CaC03 + (.05)Mg+++2HC03 
2.) Dolomitization of low-magnesian calcite 
Mg!~ + 2caco3cal· cite ~aMg(co3 ) + ca~ or dolomite 
aragonite 
Table 48 shows that although the surface sediment 
contains a little more aragonite than the water-sediment 
interface, the proportion of aragonite to dolomite decreases 
approximately 30% due to the substantial dolomite increase 
in the surface sediment. The increase in absolute aragonite 
content of the surface sediment over the water-sediment 
interface sediment may be caused by recrystallization of 
high-magnesian calcite to aragonite .. This recrystallization 
I. 
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causes an increase in the dissolved magnesium content. The 
resll.ltant increase in the M Mg+jM ca++ ratio causes dolornit-
·ization of some calcite and aragonite. At the same time, 
some of the aragonite may recrystallize to calcite (Berner, 
1966, _p. 2). Considering this mechanism, a general stabil-
ity sequence for the caco3 minerals in Devils Lake might be 
as follov1s: Low-magnesian calcite more stable than aragonite 
which is more stable than high-magnesian calcite. This is 
the same stability sequence as that postulated by Stehli and 
., 
Hower (1961, p .. 370) for marine.carbonate sediments under 
near-surface conditions. 
sediment from cores 110 and 120 
The average carbonate mineral contents and mineral 
ratios of sediment from cores 110 and 120 are presented in 
Table 48. The contents of all carbonate minerals, except 
high-magnesian calcite, are higher in core 110 than in the 
surface sediment. on the other hand, the high-magnesian 
calcite and aragonite contents of core 120 are lower than the 
surface sediment of core 110, while the calcite and dolomite 
contents are higher than the surface sediment and approximat-
ely the same as core 110. 
If the solution-reprecipitation mechanism outlined in 
the previous section is to explain correctly the decrease of 
high-magnesian calcite in the surface and core sediment, then 
an increase in dissolved magnesium relative to dissolved 
calcium should be observed in the top 50 to 60 cm of the 
TABLE 46 
MINERALOGY OF THE CARBONATE FRACTION OF SAMPLES FROM DE"./ILS LAKE CORE 110 
Sample % % % % % 
Interval Mg Ce.lei te ~ Calcite Araqoni~ 
(cm) co3 Calcite Calcite Dolomite Aragonite 0o1omite Dolomite Dolomite 
0-10 12.3 5.71 5.20 6.96 2.04 o.a2 o.75 c.29 
10-20 15.2 9.08 5.14 6.98 3.54 1.30 o.74 o. 50 
20-32 11.9 6. 62 4.64 6.38 1.78 1.03 o.72 o.29 
32-42 13.8 5.96 6.08 7.36 2.97 0.82 0 .. 83 0.40 
42-53 13.9 6.46 3.76 8.09 4.15 0.80 0.47 0.52 
53-59 13.0· 10.36 4.84 4.18 l..94 2.47 1.15 • 0.46 rv rv 59-72 11.0 5.29 5.10 5.72 1.82 0.93 0.89 0.32 I.D 
81-94 11.9 7.50 4.94 5.47 1. 58 1.36 0.91 0 .. 29 
106-115 17.2 7.46 4.08 s. 68 7 .. 70 , 0.86 o. 47 0.88 
137-148 15.3 B.89 3.11 7 .. 50 5.34 1.19 0.41 0.71 
148-159 14.2 7.78 3.14 s.so 3.07 0.89 o.36 0.,35 
182-194 15. 7 10.43 5.86 7.22 2.09 1.44 0.81 0.29 
231-242 15.4 6.64 5.73 8.95 3.58 o.74 0.64 0.4Q 
253-260 15.2 7. 57 2.86 8 .. 38 5.80 0.90 0.34 0.69 
395-409 15.5 6.79 4.37 9.00 4,.89 o.75 0.48 o.54 
507-519 12.5 8.09 4.84 6.08 0.42 1.17 0.10 0.06 
532-541 16 .. 5 s. 76 4.47 10.60 2.73 0.83 0.42 0.26 
631-646 12.3 9 .. 19 2.00 8.47 none 1.08 0.24 
) 
'rABLE 47 
MINERALOGY OF THE CARBONATE FRACTION OF SP..,."'1.PLES FROM DEVILS LAKE CORE 120 
Sample % % % ol c.' i/J 7., 
Interval Mg Calcite Mg Cale~~ Araqonite 
(cm) co3 Calcite calcite Dolomite Aragonite Dolomite Dolomite Dolomite 
49-85 10.3 4.78 .1. 91 8.72 0.87 o.55 0.22 0.10 
151-186 13.0 4.96 2.19 10.94 2.59 0.45 0.20 0~24 
241-267 11.s 6.66 4.47. 7.04 0.98 0.95 o.63 o.14 
295-327 14 .. 3 5.93 4.84 10.49 1.66 0.57 0.46 0.16 
318 17.2 6.28 11.65 5.96 4.28 1.05 1.95 0 .. 12 
394-424 12.2 5.66 ·2.06 10. 63 1.01 0.54 0.19 0.09 I\) w 
487-526 10.a 5.91 3.92 7.60 0.18 0.78 o. 51 0.02 0 
583-615 10.2 9.05 . 0.40 6.64 
-
1.35 0.06 
\ 
Mineral 
and 
Ratio 
Calcite 
Magnesian 
Calcite 
Dolomite 
Aragonite 
Calcite 
Dolomite 
~lg Calcite 
Dolomite 
l\,ra9:oni te 
Dolomite 
!1SI Calcite 
Calcite 
Aragonite 
calcite 
TABLE 48 
AVERAGE C.ARBONATE MINERALOGY AND MntEEUU, RATIOS OF VARIOUS 
SEDIMENT GROUPS FROM DEVILS LAKE, NORTH DAKOTA 
Sediment Sediment 
Glacial water-Sediment Surface from from 
Till Interface Sediment Core 110 Core 120 
~.s 3.8 5.2 7.5 6 .. 3 
none 
present 8.6 3.9 4.5 2.9 
7.5 3.7 6.9 s.s 9.0 
none 1.13 1.7 3,. 1 1.0 
present 
1.13 1.03 0.1s 1.0 o.75 
-
2.33 o.s1 0.60 0.40 
-
0.35 0.25 0.43 o.19 
-
2,.27 o.75 0.60 0.46 
-
0 .. 30 0.32 0.41 0.16 
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sediment colunm. This is, in fact, what occurs., as shown in 
Table 44. The M Mg +7M Ca++ ratio increases from approximately 
10 to 30, after which it decreases to about 22. This decrease 
may reflect the establishment of equilibrium between the 
interstitial water and dolomite. Table 46 shows that the 
dolomite content gradually increases to a depth of 50 cm in 
core 110, and then decreases sharply to 105 cm. The high-
magnesian calcite content of core 110 generally decreases to 
a depth of 50 cm (Table 45). ' 
The high-magnesian calcite and dolomite contents of 
sediment from core 120 (Table 47) vary appreciably more than 
those of sediment from core 110 (Table 45). The ave.rage 
high--magnesia!'l calcite/dolomite and aragonite/dolomite ratios 
of core 120 are significantly lower than those of core 110 
(Table 48). 
Discussion 
The idea of solution of high-magnesian calcite, and 
the concomitant dolomitization of various calcium carbonate 
minerals in the sediment of Devils Lake has been strongly 
suggested by the writer throughout this report. Considerable 
data on the carbonate mineralogy and interstitial water 
chemistry of Devils Lake sediment suggest that these dia-
genetic processes affect at least tw:> of the carbonate 
phases, high-magnesian calcite and dolomite, in Devils Lake. 
In evaluating th~ carbonate system of Devils Lake, we should 
ask at least two questions. What are the natura.l associa-
tior.s within the Devils Lake carbonate system, and how do 
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postulated diagenetic processes compare with results of 
studies on other modern lacustrine and ma;rine carbonate 
enviro!1ments? 
Examination of results of factor analysis performed 
on some of .the interstitial water and carbonate mineral data 
from Devils Lake may help answer the first question. Table 
49, part C, presents the major rotated fa.ctor loadings for 
Devils Lake core 110 interstiti.al water chemistry and carbon-
ate mineralcgy. Factor analysis was perfo.rmed on 14 sample 
, 
intervals from the upper 3 m of the core. Factor I shows 
that interstitial calcium, magnesium, chloride, and sulfate 
are all intimately related and are located at the positive 
end of the factor axis. .Alkalinity and pH are relatively 
well related and located at the negative end of the factor 
axis. This indicates that alkalinity is not controlled by 
the same process(es) as the other chemical constituents, 
Factor II shows that percentage analytical carbonate, 
dolomite, and aragonite are all related. Table 50 shows 
that carbonate exhibits a strong positive correlation with 
dolomite and aragonite which are strongly correlated with 
each other. 
Factor III shows that high-magnesian calcite in core 
110 is located at the opposite end of the factor axis from 
dolomite and aragonite. The environmental control of dolo-
mite and aragonite is mutually exclusive of high-magnesian 
calc.ite. Table 49 shows that high-magnesian calcite is 
moderately inversely correlated with dolomite and aragonite. 
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Factor IV shows that dissolved calcium, pH, Eh, h:igh-
magnesian calcite, and dolomite are all somewhat related, and 
that these paramett::rs are mutually exclusive of alkalinity 
and pH. Table .50 shows that dissolved calcium is moderately 
correlated with high-magnesian calcite and inversely corr-
elated with the other carbonate minerals. This suggests 
that the concentration of dissolved calcium is controlled 
by the carbonate equilibri.a of all carbonate minerals except 
high-magnesian calcite. Dolomite is inversely correlated 
., 
with high-magnesia.n calcite ( Table 50), which explains their 
relation in Factor IV. As the high-magnesian calcite con-
tent decreases., the dolomite content increases. The assoc-
iation of these minerals and dissolved calcium with pH and 
Eh car be expla.ined by solution of carbonate minerals caused 
by an increase in Pco2, which results in a decrease in pH 
and an increase in dissolved calcium. Lower red.ox potentials 
suggest anaerobic decay of organic matter in the sedirr,ent 
which results. in production of co2 (Berner, 1966, p. 21.) 
thereby causing a decrease in pH. Table 49 shows that pH 
is moderately correlated with high-cr.agnesian calcite but 
poorly correlated with the other carbonate minerals. This 
suggests that solution of high-magnesian calcite affects 
pH through its contribution to the alkalinity of the inter-
stitial water. 
The factor analysis data discussed in the previous 
paragraphs suggest the following system of carbonate dia-
genesis in Devils Lake. High-magnesian calcite, ·aragonite, 
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EIGENV.A.LUES (A) 1 ROTATED FP.CTOR LOPJJINGS (B) 1 AND ,11\JOR 
FAC'I'OR LOADINGS (C) FOR DEVILS LPJ<E CORE 110 INTERSTITIAL 
WATER CHBHISTRY AND CARBONATE r-1INERALOGY 
Eigenvalues 
Mca++ 
MM.g++ 
MA1k. 
MCl-
: = Mso4 
. PH 
Eh 
· PCO') 
% ct · 
% caicite 
% Mg Calcite 
·%Dolomite 
_% Aragonite 
5.996 
2.501 
1.530 
1.201 
.896 
• 418 
.194 
.100 
I 
.789 
.965 
- .. 357 
.879· 
.959 
.350 
-.077 
-. 610 
-. 211 
-.172 
.226 
.300 
.092 
II 
.094 
-.013 
.007 
.364 
.074 
-.076 
.022 
.111 
-1.065 
-.126 
.014 
-.311 
-.293 
A 
B 
Cumulative% of Total 
Compositional Information 
III 
-.188 
-.164 
-.029 
-.163 
-.149 
-.102 
-.010 
-.039 
.375 
.031 
-.597 
.554 
.066 
46.2% 
65.5 
77.3 
86.S 
93.4 
96.6 
97.6 
98.4 
IV 
-. SJ. 9 
.022 
.511 
-.055 
-.132 
-.888 
-.807 
.490 
-. 024.. 
.011 
-.274 
-.215 
.oso 
V 
-.069 
-.168 
-.074 
-.039 
-.194 
-.219 
.066 
.534 
.205 
.641 
-.018 
-.341 
.078 
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TABLE 49 --continued 
C 
Variable I II III IV V 
--· 
MCa++ ,.789 -. 519 
lv'J,,lg++ 
.965 
MAlk,. 
-. 357 ,.511 
.c-1c1- .879 ,.364 
Mso4 .959 pH 
-. 610 -.888 
Eh -.807 
PCo2 .490 • 534 % co -l.065 .375 
% ca!cite • 641 
'l~ Mq Calcite -.597 -.274 
% Dolomite -.311 • 554 -. 215 -.341 
% Aragcnite -.293 ,.866 
--
TABLE 50 
CORRELATION COEFFICIENT MATRIX FOR DEVILS LAKE CORE 110 INTERSTITIAL WATER CHEMISTRY 
AND CARBONATE MINERALOGY 
M++ M M M M. -
o, % % % % . 7o 
Ca Mg++ Alk. .. c1- so4- pH Eh PC02 co3 Cal. Mg Cal. Del. Arag. 
M ca++ 1.00 
M Mg++ 
.82 1.00 
M Alk. -.69 -.;·35 1.00 
M Cl- .78 .87 -.49 1.00 
-M S04- .es .98 -.46 .90 1.00 \ 
pH .72 .43 -.63 .39 • 53 1. 00 
Eh .40 -.06 -.53 -.03 .01 • 69 1. 00 
l?C03 -.83 -.72 • 64 -.64 -.79 -.83 -.36 1.00 
% co 3 -.35 -.37 .09 -.58 -.42 -.03 .02 .11 1.00 
% Cal. -.27 -.18 .oo -.30 -.29 -.19 .oo .26 .44 1.00 
% Mg Cal •• 40 .29 -.09 .31 .32 .40 .14 -.32 -.22 •• 09 1.00 
% Dol. -.34 -.39 .23 -.56 -.36 .01 ,.14 .os .69 - .. 21 -.34 1.00 
%·Arag. -.29 -.29 .oo .39 .30 -.17 -.18 .10 .78 .os -.56 .66 1.00 
t,J 
w 
OJ 
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and some calcite are precipitated from Devils Lake water that 
is highly supersaturated with respect to calcite and aragon-
ite. The large degree of carbonate supersaturation appears· 
to be caused mainly by phytoplankton photosynthetic activity 
that is most active during the early and late summer months. 
In photosynthesis, the algae and diatoms extract dissolved 
co2 and Hco;, causing an increase in co;, which raises the 
pH. After burial in cohesive sediment, some of the meta-
stable high-magnesian calcite is .dissolved, presumably as 
a result of a decrease in pH caused by bacterial production 
of co2 • The interstitial water, which then contains more 
magnesium relative to calcium, reacts with the solid caco3 
minerals to produce dolomite. An intermediate step in this 
process of solution and reprecipitation is probably the re-
crystallization .of high-magnesian calcite to aragonite (and 
calcite). Some of this aragonite recrystallizes to low-
magnesian calcite. 
Some of the calcite and dolomite in the sediments of 
Devils Lake is detrital carbonate derived from the glacial 
till surrounding the lake (Figure 1). Radiocarbon analysis, 
(performed by Dr. Minze Stuiver, Yale University Geochrono-
m'i:!tric Laboratory} on the carbonate and the organic carbon 
fraction of three samples from core 120 (Table 40), in-
dicates that some of the carbonate is not in eguilibrium 
with atmospheric co2• The radiocarbon ages of the sediment-
ary carbonate are, on the average, 4600 years too old. 
This implies that approximately 45% of the carbonate is 
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derived from outside sources {stuiver, personal communication, 
July 18, 1967). Because core 120 is located relatively 
near the shore of Devils Lake, the sediment might be expect-
ed to contain more allogenic carbonate, Therefore, the 
sedim~nt in core 110 probably contains no more than an aver-
age of 40% allogenic carbonate. If the average calcite and 
dolomite content (4% for each) of the sedim~nt from the 
water-sediment interface (Table 48) can be taken as the 
average amount of allogenic carbonate deposited in the 16eep-
, 
water" sediment of Devils Lake, then approximately 3.5% 
calcite and 4.5% dolomite originates in the lacustrine environ-
ment. · The computed amount of allogenic carbonate in the 
sediment of Devils LaJ{e using these figures is approximately 
35%, This is a figure relatively close to that computed 
from the radiocarbon. data. 
Studies on recent marine carbonate sediments by . 
Berner(1966), Frieaman (1964), Chave (1962), Cloud (1962), 
and Stehli and Hower (1961), indicate that very little of 
the metastable ca.rbo!late mineral content of the sediments 
which have remained in contact with sea water throughC!ut 
their history has 1:ecrystallized to more stable low-
magnesian calcite and dolomite. On the other hand, these 
metastable carbonate minerals are generally absent in 
ancient ca.rbonate rocks (Berner, 1966, p. 1). studies of 
Pleistocene and Tertiary limestone indicate that fossil 
fragmento, originally composed of aragonite and high-
magnesian calcite, generally have been replaced by low-
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magnesian calcite and/or dolomite (Chave, 1954: Stehli and 
Hower, 1961: Schlanger~ 1963: Friedman, 1964). Chemical 
analyses of interstitial water in recent marine carbonate 
sediments show no appreciable increase in the dissolved 
magnesium/chloride ratios over those of overlying sea water 
(Cloud, 1962: Berner, 1966: Harriss and Pilkey, 1966). 
There appears to be overwhelming evidence to indicate that 
in the recent marine environment, metastable high-magnesia.n 
calclte and aragonite do not recrystallize (to any appreciable 
degrea) to stable low-magnesian calcite and dolomite. Taft 
(1962), and Taft and Harbaugh (1964), found that a high 
concentration of Mg++ in sea water and interstitial fluids 
prevents the transformation of aragonite and high-magnesian 
calcite to ~ore stable low-magnesian and magnesium-deficient 
calcites in marine carbonate sediments. Berner (1966) 
suggested that inhibition of carbonate mineral recrystall-
ization in sea water may be due to the formation of surface-
protective, or nucleation-inhibiting, layers of absorbed 
magnesium. 
on the other harid, metastable carbonate minerals 
readily undergo recrystallization in fresh ground waters 
(Berner, 1966). Studies by Berner (1966) and Friedman (1964) 
on the brackish-water sediments of the Florida Everglades 
and on the ground water in some Pleistocene carbonate rocks 
of Bermuda, indicate that recrystallization of metastable 
carbonate minerals in fresh ground-water results in formation 
of low-magnesian calcite and loss of magnesium to the 
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ground water. An approach to equj.librium, with low-magnesian 
calcite and dolomite1 would result in a decrease of the 
high-magnesian calcite/cnlcite and aragonite/calcite ratios, 
an increase in dolomits, and an increase in the interstitial 
magnesium/chloride ratio with time. Recent investigations 
of modern marine carbona.te sediments, see p. 241, show that 
none of these processes are taking place in sediment which 
is in contact with sea water. 
The results of the present ..investigation of inter-
stitial water chemistry and carbonate mineralogy in Devils 
Lake indicate that at least three of these processes are 
occurring in the recent lacustrine environment. ,There is 
a significant decrease in the high-magnesian calcite/calcite 
ratio1 and a significant increase in the dolomite content 
and interstitial magnesium/chloride ratio between the 
flocculent material presently being deposited in Devils 
Lake (water-sediment interface) and the older, more cohesive 
sediment (Tables 45 and 48). The aragonite/calcite ratio 
of the two sediment groups is essent.ially the same (Table 
48) 1 indicating that the recent lacustrine environment is 
in equilibrium with aragonite. It appears that high-
magnesian calcite is the only unstable carbonate mineral in 
the recent lacustrine environment. 
The occurrence of dolomite in recent carbonate sed-
iments appears to be the result of early metasomatic replace-
ment of calcium carbonate by magnesium.ions (E'airbridge, 
1957, p. 165). The process of penecontemporaneous 
,. 
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dolomitization has been demonstrated by the studies of 
Deffeyes and others (1965), on the Recent sediments of 
Bonaire in the Netherlands Antilles,- Illing and ct.hers 
(1965, on the sediments of the Persian Gulf; Shinn and others 1 
( 1965 ), on the supra tidal sediments from Andros Island, 
Bahamas; Alderman and Skinner (1957) and Skinner (1963), on 
Recent saline lagoons in the southeast of south Australia: 
and Peterson and others (1963), on Deep Spring.Lake, 
California. Deffeyes and others (1965) state that in order 
., 
for a limestone to become dolornitized, the following require-
ments must be fulfilled: 
(1) water having a Mg/Ca ratio larger than the ratio 
that would be in equilibrium with both calcite and dolomite 
must be prccuded 1 
(2) This water must. flow through the limestone, 
because magnesium transport by diffusion is inadequate to 
explain most dolomite occurrences, and 
(3) The rate of production and flow of the high-
magnesium water must be adequate to dolomi tize the rock. in 
the time available. 
Because we are dealing with unconsolidated sediment 
in Devils Lake, the last two conditions need not be fully 
met. Deffeyes and others (1965) stated that some of the 
dolomite in 5onsire sediments was formed by metasomatic 
replacement of lime sediments. The first requirement of a 
high Mg/Ca ratio is fulfilled by the interstitial water in 
Devils Lake sediment. 'l'he Mg/Ca ratio in equilibrium with 
' .. I' . 
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calcite and dolo,ni te at the calciur.1 activity a.."1d pH of Devils 
LaJ:.e water .ir: found, by reference to Figure 43, to be approx-
imately 3. The average Mg/Ca ratio of the lake water is 11, 
while that of the int1:1rsti tial water is 22. Clearly the 
ratio if much higher than that in equilibrium with calcite 
++ 
and dolomite. What: is the source of excess Mg in the inter-
stitial water? It has been shown that high-magnesian cal-
cite is unstable in the Devils Lake environment, and that 
dissolution (or recrystallization) subsequent to burial 
x·educes its original concentration (weight percentage) by 
approximately one-half. The average Mgco3 content of high~ 
magnesian calcite in Devils Lake sediment is 13 mole%. 
This constitutes a significant source of magnesium for re-
lease during diagenesis (Stehl :i. and Hower, 1961, · p. 370) .. 
If there is appreciable ground-wate.:- movement through the 
sediment of Devils Lake, than all the requirements are 
fulfilled for penecontemporane.ous dolomitization of carbonate 
in Devils La.kc,. It was suggested that gro1.1nd water probab-
ly accounts for 20% to 30% of the water inflow to Devils 
Lake, and that more inflow occurred around the edges than 
in the middle of the lake. This appears to be borne out 
by the very low metastable carbonate content of sever.al 
surface sediment saxnples located near the lake• s edge, as 
well as by the fact that sediment in core 120, which is 
located near the lake shore, contains appreciably less meta-
stable carbonate than core 110 from the middle of the lake. 
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It can be concluded from this discussion of carbonate 
diagenesis, that high-magnesian calcite appears to be the 
only unstable carbonate mineral in Devils Lake, and that it 
is the major source of magnesium ions which react with 
solid caco3 to produce penecontemporaneous dolomite. It also 
appears that relative abundances of high-magnesian calcite 
and aragonite in the sediment of Devils Lake may be used 
to estimate position of the shoreline during the last 6000 
years of lacustrine history. 
HOLOCENE SEDIMENTARY HISTORY OF DEVILS LAKE 
Enviz:onmental Indicators of Various Lacustrine Conditions 
Several environmental parameters have been used to 
reconstruct the Holocene lacustrine succession of Devils 
La.ke, North Dakota. The most useful parameters are: The 
relative abundance of diatoms, tne presence of gyps1.1m and 
evaporite spherules, the interstitial sulfate content, the 
calcium/iron ratio, the high-magnesian calcite/calcite 
ratio, ar1d the presence of peat and organic silt layers in 
a gravelly sand deposit adjacent to the lake. 
Coarse-fraction analysis of cores 110 and 120 showed 
that the relative abundance of diatom frustules varied 
significantly throughout the cores, and that core 120 
contained appreciably more diatom remains than core 110. 
This suggests that in the past shallow-water flora were 
more abundant than deep-water flora because core 120 is 
loca~ed much nearer shore than core 110. The differences 
is relative diatom abundance probably reflect significant 
salinity fl1.1ctuations in the lacustrine environment. 
Rawson and Moore (1944), in their excellent study of the 
saline lakes of Saskatchewan, have shot•m that biologic 
productivity increases to a maximum at intermediate salin-
ities (10 1 000 ppm), and then decreases as the salinity in-
creases (up to 100,000 ppm). 
• 
Therefore, abundant diatom 
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frustules in Devils Laka sediment probab~y reflect restrict-
ed fresh-water or brackish-water conditions similar to the 
present environr."tent, while fewer diatom remains .indicate 
more saline conditions. 
The origin of the gypsum spheres, and the evaporite 
spherules of questionable composition, appears to be precip-
itation of gypsum and other sulfate compounds during very 
low-,·1ater, high-salinity lake stages. Their spheroidal 
, 
shape may be due to subsequent reworking and abrasion by 
wave action. The presence of this material in the sediment 
indicates a very saline lac1.1strine environment caused by a 
significant decline in lake level. Significant changes in 
the dissolved sulfate content of interstitial water suggest 
large-scale salinity fluctuations, as insufficient time has 
elapsed ~o diffuse away these differences. 
The Ca/Fe ratio is a measure of calcium carbonate 
precipitation versus detrital sedimentation. A ratio of 
approximately 3 indicates a carbonate depositional rate 
lower than the present rate while a ratio of approximately 
6 suggests a greater rate of carbonate deposition. More 
carbonate would be precipitated in a brackish, eutrophic 
environment than in a fresh-water lacustrine environment of 
moderate organic productivity. This is a result of increased 
phytoplankton photosynthetic activity in an eutrophic 
environment. 
The ratio of high-roagnesian calcite to calcite is 
sensitive to lake-level fluctuations, in that lower levels 
.,. 
,,. 
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LAKE LEVEL AND SALINITY 
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Figure 45.--Chronology of fluctuating lacustrine 
conditions in Devils Lake, North Dakota. 
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cause alteration of high-magnesian calcite through reaction 
of surface water seepage with near-shore' lacustrlne sediment. 
A significant decrease in this ratio suggests appreciably 
lower lake levels. 
The presence of peat at the base of the Creel Bay 
gravel pit section sugg·ests the climate of the Devils Lake 
area was cooler and v.Tetter approximately 1300 years ago. 
The two organ.le silty-clay layers, located above the peat, 
indicate a significamt rise in the level (10 to 20 feet) of 
., . 
Devils Lake during the laot 1000 years. 
Chronology of Lacustrine Succession in Devils Lake 
Figure 45 shows the postulated Holocene chronology of 
fluctuating lacustrine conditions in Devils Lake, North 
DaJcota. ·I'he changes in the sedimentary environment of Devils 
Lake during the past 6500 years are outlined below. 
(l) .Devils Lake appears to have dried up during the 
Hypsithermal interval (Deevey and Flint, 1957) during which 
the period of maximum warmth occurred sometime between 8000 
and 5000 years ago. The lowest 50 cm of sediment from cores 
110 and 120 exhibit very low water contents that are believed 
to reflect desiccation and leaching of the exposed lake sed-
iment. This leaching results in the loss of carbonate and 
organic matter. 
(2) The lake level began to rise around 6000 years 
ago, and reached a maximum elevation sometime around 5000 
y~ars before present. The abundant diatom frustules, moder-
C 
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ate interstitial sulfate content (4000 ppm), and low Ca/Fe 
ratio indicate a slightly brackish environment with a sal-
inity of approximately 8000 ppm. The organic productivity 
had increaseq significantly over that of the Hypsithermal 
lake, but the low alka.linity of the lake limited deposition 
of primary carbonate. 
(3) The lake level declined to a low-water stage 
around 4700 years ago. The sulfate content (8000 ppm) of 
interstitial water frotn sediment 'deposited during this time· 
indicati:!s the salinity may have been approximately 16,000 
ppm. 
(4) A more significant rise in lake level culminated 
sometime around 4300 years ago. Abundant diatom remains, and 
low interstitial sulfate content (1500 ppm) indicate a meso-
t1iophic, somf.~what restricted fresh-water environment. 
(5) The level of Devils Lake declined.and reached a 
low-water, saline stage approximately 4000 years ago. Fewer 
diatom. frustules, moderate interstitial sulfate content, and 
higher Ca/Fe ratios suggest a brackish environment that was 
more saline than at present. Increased carbonate deposition 
is indicated by the higher Ca/Fe ratio of sediments deposit-
ed at this time. 
{6) The la.ke level subsequently began to rise, and 
reached ·a maximum level around 3500 years ago. Very abundant 
diatom remains and low interstitial sulfate content suggest 
an eutrophic_, restricted fresh-water lacustrine environment. 
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(7) ·rhe level declined again to a loi.,1-water stage 
approximately 3000 years ago. The diato:n frustule content, 
the moderate .interstitial sulfate content., and the higher 
Ca/Fe ratios suggest the lak_e occupied a level similar to 
that of the preceding low-water stage. 
(8) The lake level subsequently rose to a high-
water stage that bega.n approximately 2500 years ago and 
lasted until approximately 1300 years ago with the exception 
of a minor decline which occurred around 1800 years ago. , 
'l.1he higher lake level is indicated by low interstitial sul-
fate content and higher magnesian calcite/calcite ratios of 
sediment deposited during this time. The minor decline in 
lake level, which appears to have occurred during the middle 
of this int.erval, is indicated by a significant decrease in 
the high-magnesian calci'Le/calcite ratio of sediment from 
this level in the core. Contraction in lake area might en-
large the areal influence of surface-water seepage through 
near-shore sediment which causes recrystallization of meta-
stable high-magnesian calcite. 
A peat, dated at 1335 years before present and located 
below 17 feet of beach sands and gravels, represents a 
cooler, wetter climate for the Devils Lake area. However, 
the lake level at this time was not high enough to inundate 
the peat swamps until 1200 years ago when sands were deposit-
ed over the peat. 
(9) The lake level declined at least 10 feet during 
the interval from 1200 to 1000 years ago. It then rosa at 
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least 14 feet in approximately 100 years after which it de-
clined at least 14 feet. Another rise i~ lal:::e level occurred 
approximately 700 years ago. This rise was also short-
lived, and the level began to decline in a matter of 50 years. 
This last rise in lake level must have reached a higher 
elevation than the preceding one, because an additional 5 
feet of sand and gravel were deposited above the lower silt 
layer. 
(10) The level of Devils Lake subsequently declined 
; 
to a very low-water stage that attained its lowest level 
sometime around 500 years ago. This sharp decline in lake 
level is indicated by the very high interstitial sulfate 
content (23,000 ppm) and the presence of abundant sulfate 
spheres and spherules in the upper 60 cm of sediment in 
Devils Lake. The variation in relative abundance of these 
sulfate, compounds suggests that the level may have risen a 
few feet during the period from 700 to 200 years ago. 
However, their presence in the upper 60 cm of sediment is 
strong evidence for a saline environment during this time. 
(11) Historical records of fluctutaions in the level 
of Devils Lake (Swenson and Colby, 1955) show that the lake 
level has declined gradually from 1860 to 1940, when it was 
only 3-feet deep. The level rose again in 1951, and since 
then has been gradually declining. The lake must have risen 
from a low:-water stage, which probably lasted until 300 
years ago, to a high-water stage that attained its maximum 
level approximately 150 years ago. Upham (1895, p. 595) 
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reported that in 1830 Devils Lake has an altitude of 1441 ' 
feet above sea level. 
Comparison with other Holocene Chronologies 
Devils Lake region 
Aronow (1957) postulated a postglacial chronology of 
lake-level fluctuations in the Devils Lake region based 
upon buried soils interstratified with beach sand and gravel, 
bison skulls, and rooted stumps of bur oak submerged in 
,. 
stump Lake. His chronology (Aronow, 1957, p. 425) is 
summarized in the following paragraphs. 
(1) Devils-stump Lake was desiccated during the post-
glacial Thermal maximum which occurreC: approximately 7000 
to 2500 years ago. 
(2) Lake level rose, and beach sands and gravel 
containing buried soils were deposited at the edge of the 
lake. This cooler, wetter period is related to the Little 
Ice Age of ea:::-ly Neoglaciation (Porten and Denton, 1967) and 
lasted until approximately 700 years before present. 
(3) The lake level declined and bur oak trees grew 
on the d:ry floor of stump Lake. This suggests a drier, 
warmer climate for the Devils Lake region which lasted 
until 400 years ago. 
(4) The trees were subsequently submerged by a rise 
in lake level which may be synchronous with the late 
Neoglaciation glacier advances. The alpine glaciers reached 
their maximum around 1850 A.D.. (Porter and Denton, 1967 ~. 
254 
p. 201). 
The end of the Hypsithermal interval of maximum temp-
eratures in the Devils Lake region appears to occur at 4000 
years before present. This conclusion is supported by both 
the writer's and Aronow's chronologies. Aronow (1957) did 
not report any significant lake level fluctuations during 
his early Neoglaciation period of rising lake level, although 
he did state that buried soils in lacuatrine sand and gravel 
deposits around Devils Lake suggested lower lake levels 
which probably lasted for tens of years (Aronoe, 1957, 
p. 419). 
Aronow•s (1957) low-water stage, which is recorded by 
rooted stumps in Stump Lal.:€ and occurred approximately 500 
years ago in the Devils Lake region, is corroborated by the 
very high interstitial sulfate content and the abundance of 
evaporite material in the upper 50 cm of Devils Lake sediment. 
The subsequent rise in lake level, which submerged trees in 
Stump Lake, is reflected by the pronounced decrease of inter-
stitial sulfate contet\t within the upper 20 cm of lake sedi-
ment. Apparently, Main Bay of Devils Lake was not dry 
during the period of tree gr~wth in Stump Lake because no 
rooted fossil st.umps have been found around the shores of 
Main Bay and a drying surfaca in the upper 40 cm of sediment 
is not evident from the water content data. During coring 
operations in Creel Bay, the writer encountered a very thin, 
stiff layer of sediment approximately 5 cm below the sedi-
ment surface. However, the depth of this stiff layer is too 
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shallow to be a drying surface at 500 years before present, 
and probably reflects desiccation of Creel Bay during the 
1930 1 s and l940is when the lake was at its lowest measured 
elevation in historical times. 
North-central Iowa 
walker (1966), in his Recent chronology of vegetationa~ 
geomorphic, and climatic change in north-central Iowa., re.:... 
cognized a period of rapid hillslope erosion which lasted 
.. 
from 8000 to 3000 years ago. This correlates relatively 
well with the extended period of low or intermittently 
rising lake levels in the Devils Lake region. Subsequent 
to this time, the bog watershed restabilized and the rate of 
hillslope erosion decreased appreciably. Walker's (1966) 
paleoenviron~ental para~eters are probably not sensitive 
enough to record any short-te:.::-m (100 to 500 years) climat.ic 
fluctuations, such as those postulated for the Devils Lake 
region du.ri.ng the past 3000 years. 
~tailed chronolo9:ies of the ~st 10,000 xears 
Unfortunately, no detailed chronologies of the past 
10,000 years are available from the Upper Midwest region 
of the United States for comparison with the Devils Lake 
chronology. If a comparison of regional chronologies is to 
be made, then less satisfactory generalized chronologies 
must be used. The culmination of the low Lake. Chippewa· 
phase in the Lake Michiga~ Basin occurred sometime around 
5000 years ago, and corresponds to a warm, dry climate in 
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the Great Lakes region at this time (Zumberge c1.nd l?otz<:p,?r, 
1956). The Nipissing Lake phase of higher lake levels 
occurred between 5000 and 2 500 years ago, a.nd the Lake 
Algoma and modern Lake Michigan higher-lake phases occurred 
subseq~ent to 2500 years. Sedimentological, paleontologi-
cal, and archaeological evidence from the Bonneville and 
Lahontan basins indicate that desiccation of these lakes 
was complete around 9000 years ago (Karlstrom, 1961, p. 321-
324). Wisemc>.n • s ocean temperature curve (Wiseman, 1959) 
, 
shows a significant warming of surface ocean water at approx-
imately 6300, 4900, 3450 years before present. These three 
dates do not coincide very well with Devils Lake low-lake 
stages at 600Q, 3000, and 1200 years (Figure 46). Wiseman•s 
carbonate curve indicates maximum warming around.700 years 1 
ago ( Figure 46) • 
~ailed~b!.9nologies of the past 3000 years 
Historically recorded Nile. River flood fluctuations 
are the most important source of information on rainfall 
variations in Africa (Brooks, 1949). The resulting precip-
itation index for 5° to 10° N latitude shows that maximum 
periods of precipitation occurred around 1200, 1000, and 
700 years before present, and minimum periods of precip-
itation occurred around 850 and 500 years before present 
(Karlstrcm, 1961, p. 308). A tree-ring chronology for the 
semiarid northern Rocky Mountain region (Schulman, 1956) 
shows that this area had a signfficantly cooler, wetter 
r-,. 
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climat2 around 1200, 100, and 850 years before present, 
while the climate was significantly warmer and drier around 
1100, 900, BOO, and 500 years before present (Karlstrom, 1961, 
p. 309). 
Comparison of these chronologies with the Devils Lake 
chronology shows close agreement between lower lake levels 
and warmer, drier climate around 850 and 500 years ago 
(Figure 46), a.nd betwaen higher lake levels and cooler, 
wetter climate around 1200, 100, and 750 years before 
.. 
present. 
Conclusion 
The level of Devils Lake has fluctuated considerably 
( 
during the pa.st 6500 years. Significantly higher lake levels 
occurred around 4300, 3500, 2300 1 1250, 1000, 750, and 250 
years ago • .Most of these dates coincide with periods of 
cooler, wetter clima.te in the.Northern Hemisphere. Signifi-
' 
cantly lower lake levels occurred around 6000, 4000, 3000, 
and 500 years ago which ccinci.de with periods of warmer, 
drier climate in the North~:~rn Hemisphere. 
:1' 
SUlf,.MA..'R.Y Ol? CONCLUSIONS 
The results of th:i.s geochemical and mineralogical study 
of Devils Lake support the following tentative conclusions: 
( 1) Ground-watex .tnflow and outflo,;v only account for 
approximately 20% of the tot.al annual water balance of Devils 
Lake during the period from 1948 to 1965. 
(2) Salinity data for Devils Lake and its major 
influent,. Big Coulee, indicate that the lake was fresh 
approximately 150 years ago. 
(3) The dominant physical processes affecting the 
surface sediment are wave action and intermittent sediment. 
influx through Big Coulee. Deposition cf calcium carbonate 
and procluction of organic matter are the dominant chemical 
processes. 
(4) Inorganic precipitation of high-magnesian calcite 
results from very high carbonate supersaturation of the lake 
water caused by phytoplankton photosynthesis. Authigenic 
carbonate minerals, high-magnesian calcite, and aragonite, 
account for 60% of the carbonate mater:tal deposited in 
Devils Lake. 
(5) Biologic productivity in Devils Lake is the main 
source of organic matter deposited annually to the sediment. 
Calculations indicate that at least 50% of this organic 
matter is regenerated to the aquatic environment by 
259 
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oxidation and anaerobi.c decay. 
(6) Most of the calcium in the sediments of Devi.ls 
LaJ<:e originates in carbonate minerals., •,vhile only 50% of 
the magnesium originates in these minerals. 'I'he excess 
ma.gne~ium is derived partly from montmorillonite and partly 
from organic matter. Most of the iron is derived from 
montmorillon.ite, illite, and mixed-layer clay in the sediment. 
(7' ) 
components, 
The depositional rate of authigenic chemical 
calcium, carbonate, organic matter, has gen-
., 
erally decreased with increasing age of the lake. 
(8) The sulfate content of interstitial water in 
Devils Lake sediment can be used to estimate paleosalinity 
variations during the past 6000 years. A tremendous increase 
in the salinity of Devils Lake occurred around 500 years 
ago. 
(9) Approximately half of the recently deposited 
hi9h-magnesian calcite is altered to low-mt.:l.gnesian calcite 
in less than 200 years time. The solution of high-magnesian 
ca.lei te increases the magnesium/calcium ratio of the inter-
stitial water which then reacts with calcite or aragonite 
to form dolomite. 
( 10) The low metastable carbonate content cf shallm-;-
water sediment indicates frequent exposure of the near·-
shore sediment to "fresh" surface-water and ground-water 
seepage. 
(11} The relative abundance of diatom frustules, 
the presence of gypsiferous spheres, the sulfate content of 
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interstitial water, the sedimentary calcium/iron ratio, the 
high-magnesian calcite/calcite ratio, and the occurrence of 
peat and organic silt layers ir.terstratif ied with beach 
sands are the most significant parameters for reconstruct-
ing the past sedimentary environment of Devils Lake. 
(12) The level of Devils Lake has fluctuated consider-
ably during the past 6000 years in response to shifting 
climatic conditions. The ll;;.ke was dry during the latter 
part of the Hypsithermal interval; The level rose, and then 
declined several times between 6000 and 2500 years, after 
which a peat was deposited in Creel Bay approximately 1340 
years ago. Several more laJ:;:e level fluctuations culminated 
in a very saline, low-water stage at 500 years before present, 
when oak trees grew on the dry surface sediment of East 
Stump Lake. The level subsequently rose until 1800 l1..D., 
declined to a low-water stage in .'.!-940 A.D., rose until 
1951 A.D., and steadily declined from that time to the 
present. Comparison of the Devils Lake chronology with 
those from other regions indicates that major climatic 
changes which caused significant fluctuations in the lake 
plain may have extended beyond the northern Great Plains 
region. 
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APPENDIX I 
METHODS OF SAMPLING AND ANALYSIS 
Collection of samples 
water samples 
water sam.ples were collected using a Kemmerer water 
samples (Welch, 1948) of either 1200, or 3000-cc capacity. 
Samples for gross chemical analysis were generally taken on 
a bimonthly basis at a depth of 1 m from the center of the 
lake. 
Sur~ce sediment samples 
Grab samples of surface sediment in Devils Lake were 
taken using an Ekman dredge (Welch, 1949) which had a cross 
section of 22.8 X 22.8 cm. The maximum penetration depth 
of this dredge (more properly called a grab samples) is 
estimated at 12 cm. After the samples was tripped by a 
messenger and raised to the surface, a homogenized sample 
of the sediment was placed in a pint glass jar and sealed 
with an air tight lid. These samples were stored for sub-
sequent physical and chemical laboratory analyses. 
water-sediment interface samples 
Samples of the slurry from the water-sediment inter-
face zone were taken by means of a weighted thick-walled 
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rubber vacuum hose (8 mm ID, 18 mm OD) attached to a 1-liter 
bottle which was clamped to a 5-m aluminum rod. A poly-
ethylene air line (4 mm ID) extended from the bottle to the 
surface of the lake and was kept closed while the sarnpler 
was lowered .. The 'bottom of the aluminum rod was pushed into 
the sediment and the weighted hose (l min length) fell to 
rest on top of the sediment at a position whj.ch marks the 
approximate base of the water-sediment interface region. 
The cohesive sediment below the l}ose was firm enough to 
support the weight of the hose and was incapable of flowing 
into its aperature. Considering this, it appears reason-
able that the sarri.ple represents the suspended and flocculent 
material immediately above the cohesive sediment. 
After the hose came to rest on the cohesive sediment, 
the air line extending to the lake surface was opened and 
the water-sediment slurry flowed into the bottle under 
hydrostatic pressure. The sediment was allowed to settle 
out of suspension for several hours, the water siphoned off, 
the resulting sa.~ple centrifuged, and the sediment dried in 
an oven at 90°c for 48 hours. 
Sediment cores 
The three cores from Main Bay of Devils Lake (see 
Figure 27) were obtained using a piston coring device design-
ed after that of Colinvaux (1964) who gives a complete des-
cription of design and construction of the apparatus. our 
coring device was constructed in a local machine shop and 
=------------------·- --·---
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consists of a lightweight aluminum alloy core barrel (ID 4 
cm, OD 5 cm, and either 2. 25-r,'l. or 1. 2-m long) containing 
either 1- or 2-m lengths of polyvinal chloride core liner 
(ID 3.5 cm) which is held in place by a tempered steel 
cutting bit. A tight-sealing rubber piston is fitted at the 
base of the core liner and connected by a cable to a winch. 
All three cores were taken during the winter when 
the ice (approximately 1-m thick) could serve as a stable 
platform. The coring apparatus ~as lowered by means of 
aluminum alloy Lichtwardt extension rods (Colinvaux, 1964) 
to the sediment surface. The cable, attached to the piston, 
was secured on a tripod anchored in the ice, and the core 
barrel was pushed (by hand) down over the piston which re-
mained stationary. After the first section of all cores 
was taken, plastic pipe (6.2 cm ID) was pushed down around 
the core barrel and served to case the first 1 to 2 m of 
the hole and the water column above. The core barrel was 
then pulled out by means of a ratchet hoist attached to 
the tripod .. 
The first 4 m of all three cores was taken in 2-m 
sections, while the remaining length of the cores was 
taken in 1-m sections. Sediment penetration became in-
creasingly difficult below 5 m, and the last 2 m of core 
were taken out with the aid of a pile driver mechanism 
·(colinvaux, 1964) whereby the core barrel was hammered into 
the sediment. Core recovery was excellent and ranged be-
tween 90% and 100% for all cores taken. 
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Two cores 7 min length and one 8 min length were 
taken with this piston coring device. The sections of each 
core were sealed in their plastic core liners and trans-
ported in an upright position to the laboratory where they 
were extruded, sempled, and analyzed. 
Laboratory .Analyses 
water chemistry 
water samples taken periodically from Devils Lake 
were analyzed for their major chemical constituents by the 
methods described below. All water samples were filtered 
through glass fiber filters (Reev~ Angel #934-AH) before 
analysis. 
£H.-The pH (-log10H+) of water sa..'liples was measured 
using a Beckman Zeromatic pH meter, or a Heath-Built Model 
EUA 20-11 pH recording electrometer in conjunction with a 
Beckman glass electrode ana a Beckman saturated calomel 
fiber reference electrode. The electrodes were standardized 
against Beckman pH 7.0 buffer solution at frequent intervals, 
and additionally tested against a pH 5.0 buffer at the end 
' 
of each potentiometric alkalinity titration. Readings are 
reproducible to! 0.02 pH unit, and are corrected for temp-
erature variations between the sample and buffer solutions. 
Alkalini1=.:f..-The alkalinity of a 50-ml water sample 
was determined potentiometrically with 0.02N H2so4 . The 
entire titration curve 0£ several water samples, taken 
throughout the study period, was re:corded, and the carbonate 
and total alkalinity end points determined by graphic 
methods (Barnes# 1964). Inflection points fell at approx-
imately pH 7.8 (carbonate alkalinity end point) and pH 4.5 
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(total alkalinity end point), and are well below those cf 
natural 1,,atcrs with low ionic strength. · The true end point 
of the alkalinity titration for any given water sample is 
known to be a {unction of temperature, ionic strength, and 
total alaklinity (Barnes, 1964). 
The H2so4 titrant was standardized against a 0.0200N 
Na2co3 solution. The precision of the carbonate alkalinity 
titration is + 1 mg/1 and that of the total alkalinity 
titration is± 0.6 mg/1. 
.. 
Calcium and magnesium.-Calcium plus magnesiwn was 
-- -
determined by titration with disodium EDTA (Ethylene-
diditrilo-tetra.::!etate) in NH4oH-NH4Cl-NaCN buffer and heavy-
metal complexing solution, using Eriochrome Black T as an 
end point indicator (Rainwater and Thatcher, 1960). 
Calcium alone was detei.mined by titration with disodium 
EDTA, in a strongly basic 0.2N NaOH solution containing 
NaCN for complexing heavy metals, using Cal Red as an end 
point indicator. Magnesium was then calculated by difference. 
The precision of the calcium titration is ±o.s mg/1 and 
that of the magnesium determination is !2.0 mg/1. 
Sodium and potassiu~.-Sodium and potassium were deter-
mined with a Beckman flame photometer, with photomultiplier 
detector using a oxyhydrogen flame. 
Sodium was determined at 588 mu by diluting the sample 
1120 times and making measurements in the 2-to 4-mg.l range. 
The precision of the sodium de~ermination is !o.oos mg/1. 
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Potassium was detei-mined at 768 mu by diluting the 
sample 101 times and making measurements in the 2- to 4-
mg/l range. The precision of the potassium determination 
is ±o.00045 mg/1 • 
. standard solutions containing equal amounts of :KCL 
and NaCl were used to construct a standard curve for both 
sodium and potassium. the umoles of sodium and potassium 
were read from the two standard curves and multiplied by 
the appropriate dilution factor apd atomic weight in 
order to determine the concentration of sodium and potassium 
in the undiluted water samples. 
Chloride.-Chloride was determined by titration with 
standard Hg(No3 ) 2 solution using diphenrlcarbazone as an 
end point indicator (APHA, 1960). The titration gives a 
distinct color change from light yellow to dark purple at 
the end point, and has the advantage over the Mohr method 
in that no precipitation takes place during titration. Due 
to the instability of the indicator acidified reagent des-
cribed in the 11th Edition of the Standard Methods Manual 
(APHA, 1960, p. 79-80), a stable dry powder indicator-
buffer called diphenylcarbazone indicator-buffer powder 
(Hach Chemical Co., Ames, Iowa) was used. The precision of 
thi t · t·t r· f hl 'd · +9 /1 s mercurome ric i ra_ion o c ori e is - mg • 
sulfate.-Sulfate was determined by the turbidimetric 
method (APH...n.., 1960) on diluted water samples using· a Fisher 
null-balance filter photometer (Electrophotometer II, Model 
____ 
--!" __________ ~--- - -
'!' 
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81) equipped with a violet filter having maximum trans-
mittance near 420 mu and a light path of 2.3 cm. A single, 
dry, stable powder, called SulfaVer (Hach Chemical Co, 
.. 
Ames, Iowa), is added to the diluted water samples contain-
ing 24-64 mg/1 of sulfate in solution. The resultant sus-
pension (barium sulfate) is stable for at least two hours. 
A standard curve was constructed periodically and used for 
determination of the sulfate ion concentration in the undil-
uted water samples. The precision of the barium sulfate 
.... 
turbidimetric method is.: 30 mg/1. 
~.-Iron was measured· colorimetrically with ortho-
phenanthroline after hydrolysis in 2N HCl (AHIA, 1960). 
The .iron is brought into solution by boiling with acid and 
reduced to the ferrous state upon addition of hydroxylamine 
reagent. The pH of the solution is adjusted to pH 2.9 to 
5.3 by addition of an a~monium acetate buffer. Addition of 
an excess of orthophenanthroline to. the sample solution 
insures rapid color development. The absorbance of the 
colored solution, which is stable for at least 6 months, 
was measured using a Fisher Electrophotometer II equipped 
with a green filter having maximum transmittance near 510 
mu and a light path of 2.3 cm. A standard curve was used 
to calculate the iron content of the water samples. The 
precision of the iron determination is± 0.001 mg/1 Fe. 
Silica.-Silica was determined colorimetrically by 
reduction of the yellow silica molybdate complex with 
aminonapthol sulfonic acid to heteropoly blue (APHA, 1960). 
I . 
I··:···.· . '", . 
.,. 
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The intensity of the blue.color is proportional to the 
concentration of 11 molylx'iate-reactive 11 silica. The absor-
bance of the blue solution was measured using a Fisher 
Electrophotometer II equipped with a red filter having a 
maximum transmittance in the wavelength range of 600 to 
815 mu and a 1 ight path of 2. 3 cm. A standard curve was 
used to calculate the silica content of the water samples. 
The precision of the silica determinations is 0.10 mg/1 Si02 
, 
Interstitial water chemist~ 
Extraction of interstitial water.-Interstitial water 
was extracted from 57 sediment samples, taken from DeYils 
Lake core 110, using a hydraulic squeezer described by 
.Manheim (1966). Approximately 15 grams of wet sediment 
were placed in the chrome-plated steel cylinder, and at least 
2 ml of .water was squeezed into a plastic syringe at press-
ures below 6.,000 psi (approximately 400 kg/cm2). Extraction 
of water from most samples was completed in 15 minutes. 'l....,,,o 
ml of the extracted water ·was pipetted into a 100-ml volumet-
ric flask which was filled to the mark and mixed thoroughly. 
The contents of the flask was transferred to polyethylene 
bottles which were filled to capacity, tightly capped, and 
stored in a refrigerator at 4°c for subsequent chemical 
analysis. 
Chemical analysis of interstitial water .. -Aliquots of 
diluted interstitial water samples were analyzed for calcium, 
magnesium, alkalinity, chloride, and sulfate by the same 
methods as described in the previous section on water 
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chemistry. The disodium EDTA (for calcium and magnesium) 
was diluted 1000 times, and the Hg(N03)2· (for chloride) 10 
times, in order to keep the precisi011. of the ti trations at 
a fairly high level. The precision of the analytical metho.ds, 
as determined by replicate analyses of several interstitial 
water samples, is given in Table 51. The diluted titrants 
were frequently standardized against standard solutions. 
Textural analysis of sediment 
Water. content. -The water cot1tent of homogenized sediment 
samples was determined by drying a known weight of wet sedi-
ment at approximately 100°c for 24 hours, weighing the dried 
sediment, and calculating the water loss. The weight loss 
was taken as water loss and the results were computed as 
percent water in the wet sediment. 
Sample preparation.-Approximately 10 grams (dry 
weight) of each sediment was washed with distilled water for 
15 minutes, centr:i.fuged, and the clear supernatant liquid 
decanted. Sediment loss with the aupernatant liquid appeared 
to be negligible. A solution containing the dispersing agent 
Calgon (sodium hexametaphosphate, 40 g/1) was added to the 
washed sample and the resultant mixture was allowed to stand 
for several days. The suspension was beaten in a milkshake 
mixer for 10 minutes and sieved through a 4~phi (62-microns} 
screen into a 1-1 cylinder. Sediment retained on the sieve 
was dried and placed in vials for subsequent sieve analysis. 
.......... 
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Size a.na!Y_sis of sand and gravel.-Dry sedim~nt samples 
·which were retained on the 4-phi sieve, were shaken automat-
ically for 15 minutes in Tyler Standard Screens that were 
arranged in a single phi-unit progression from -2 to +4 phi. 
Three-inch screens were used for the small quantities of sand 
present in the grab and core samples: seven-inch screens were 
used for the much larger samples from the Creel Bay gravel 
pit. 
~ize a~alysis of ... ~ilt and clay.-Gra.in-size analysis of 
, 
silt-and clay-sized sediment previously wet sieved into 
cylinders, were made by the pipette method (Krumbein and 
Pettijohn, 1938). Twenty-milliliter aliquots were taken at 
selected times (computed from wadell 1 s modification of Stokes 
Law)~ dried at 7o0 c, and weighed to the nearest milligram., 
Calculation of size data and statistical parameters.-
Sediment weights of the phi size-classes for both 
sieve and pipette fractions were processes by· a modified 
version of the University of Missouri Fortran program for 
evaluation of size data (Kane and Hubert, 1963). This program 
gives fractional and cumulative percentage.values of size 
classes 1 sand-silt-clay relationships, the statistical para-
meters of Inman (1952), and Folk and ward (1957), and the 
true moment measures (Dixon and Massey, 1957). Due to the 
fine-grained character of most of the grab and core samples, 
only measures of median, and Inman sorting could be obtained 
for these sediments. All size parameters could be obtained 
for the Creel Bay gravel pit sa~ples. 
r 
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Precision of analyses.-Replicate grain-size analyses 
indicate-that the reproducibility of cumulative data is 
slightly better than :t 0.5 phi-units at the 50th percentile~ 
Chemical analysis of sediment 
Sample preparation and general analytical procedure.-
The dri.ed sediment, used for determiriation of water content, 
was placed in a Spex Industries Mixer/Mill grinder and 
ground to a powder that would pass a 100-mesh sieve. Grind-
ing time was normally not over th".tee minutes. The ground 
samples were placed in labelled vials and stored for subsequent 
analysis. 
Two subsamples, taken from the same samples, were used 
for the determination of seven chemical constituents. The 
general analytical procedure (see Figure 47) consisted of 
taking one subsample, reacting it with an excess of HCl, 
measuring the co2 evolved from the carbonate in the sediment: 
hydrolyzing the residue from the carbonate analysis with HCl 
and determining the calcium, magnesium, iron, and phosphorous 
on the resultant filtered extract. A second subsample was 
reacted with an excess of chromic acid, the co2 evolved from 
oxidation of total carbon measured, and total nitrogen deter-
mtned on the resultant solution by Kjeldahl distillation. 
The procedures described in the following paragraphs represent 
a compromise between the type of analytical equipment avail-
ible and the time required to analyze a large number of samples. 
4,, ..... 
--~----------·--~ .. 
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was Carbonate analysis.-One subsample (100 to 200 mg) 
weighed into a 5-ml beaker that was placed in a 250-ml 
Erlenmeyer flask containing 25 ml lN HCl and a glass absorp-
tion tube with 2 ml 2N NaOH. The flask was evacuated, seal-
ed, arid the sediment reacted with the acid. The flask was 
then placed on a hot plate at 9o0 c for 3 hours. The CO2, 
evolved through reaction of the acid with various carbonate 
compounds in the sediment, is absorbed by the NaOH. After 
three hours, the flask was removed, opened, and the absorp-
tion tube removed. 'J:'he contents of the tube {NaOH solution) 
was rinsed with co2-free distilled and deionized water into 
a beaker to which 2 ml of 2N BaCl2 were added. A barium 
carbonate precipitate forms in proportion to the amount of 
co2 absorbed. several drops of phenolphthalein were added 
and the solution titrated with HCl until the color disappeared.· 
This is a reference point to which all solutions were brought, 
and at which all the co2 absorbed from the sediment sample 
is retained in the barium carbonate preicpitate. Several 
drops of brom cresol green indicator were added, and the 
solution titrated ti a clear straw-yellow end point with O.lN 
HCl. As the end point is approached, addition of only 0.1 ml 
of acid will turn the solution from green to yellow. The 
volume of the acid titrated minus the reagent blank was used 
to calculate the sample carbonate-carbon content. This 
method for carbonate is essentially the same as that described 
by Maciolek (1962) for carbon analysis except that he used 
a strong oxidant for organic carbon determination. Multiple 
-1,,.,, ... , 
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analyses for carbonate by this method, u.siug reagent grade 
calcium carbonate, indicate an accuracy of 100.5% with a 
+ precision within 1% of the mean value. The precision of 
the method using sediment samples from Devils Lake, North 
Dakota is± 2% of the mean value. 
Extraction of calcium, magnesium.l. iron, and phosphorous.-
Solutions remaining from the carbonate determinations were 
used for analyses of other elements in the sediment. One-
hundred ml of O.lN HCl were added to each flask and the 
.. 
solution boiled do~m to a volume of approximately 25 ml. This 
.procedure extracts all but the very resistant mineral and 
organo-metal complex forms of iron, phosphorous, calcium, and 
magnesium. The solution is filtered through a glass fiber 
filter (Reeve Angel #934-.AH), and the volume brought up to 
100 ml in a volumetric flask. 
Analysis for iron.-The iron in a 5-ml aliquot was deter-
mined colorimetrically by the phenanthroline method (APHA, 1060, 
p. 140-143: Shapiro and Brannock, 1962, p. 28). The method is 
based on the orange color (read at 510 mu after at least 15 
minutes) developed with orthophenanthroline after iron is 
reduced with hydroxylamine hydrochloride and the solution 
buffered with ammonium acetate. The precision of the method 
(including extraction and analysis). based upon replicate 
analyses of Devils Lake sediment samples. is± 4% of the mean 
value. 
Anali'.'sis for phosphorous.-The phosphorous in a 10-rnl 
aliquot was determined colorimetrically by the stannous 
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chloride method (APHA, 1960, p. 202-204). The method is 
based upon the blue color (read at 625 mu after 15 minutes, 
but before 20 minutes) developed by the reduction of the 
phosphomolybdate complex to molybdenum blue with stannous 
chloride, after extraction of the phosphorous with an ammonium 
molybdate-weak acid solution and a benzene-isobutanol solvent. 
The extraction step increases the sensitivity of the method, 
and overcomes interferences from iron, tannin, and lignin. 
The precision of the method (extr;3.ction and analysis), based 
upon replicate analyses of Devils Lake sediment samples, is 
+ 7%.of the mean value. 
Ana!Y.:?is for calcium and _magnes~. -Calcium, a.r.d 
calcium plus magnesium in 10-ml aliquots were determined by 
disodium EDTA complex:!.metric titrat.ions (Shapiro and Brannock, 
19621 p. 38-41). Calcium was detennined by titration with 
Na2ED'I'A, using Cal Red as an indicator which turns from red 
to blue at the end.point. The solution was buffered to a high 
pH (pH 12) with hydroxylamine hydrochloride. and NaOH, and 
iron, aluminum, and heavy metals were complexed with cyanide. 
Calcium plus magnesium was determined by Na2EDTA titra-
tion on a 10-ml aliquot which was buffered, to a lower pH 
than that for calcium (pH 10), with hydroxylamine hydro-
chloride and NH40H. Eriochrome Black T solution was used as 
an end point indicator which turned from wine red to blue at 
the end point. Iron, aluminum, and heavy .netals were com-
plexed with cyanide. Magnesium was determined as the differ-
ence between the two titrations. The precision of the 
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extraction and both titrations is::!: 3% of the mean value • 
.:[otal-carbon anal~is.-A s~cond subsample was weighed 
(50 to 120 mg) into a 5-ml beaker that was placed into a 250-
ml Erlenmeyer flask containing 5 ml of potassium dichromate 
(100 g/1)~ 10 ·ml of concentrated H2S04, and the absorption 
tube with 2 ml of 2N NaOI-I. Exactally the same procedure 
was followed as that for the carbonate, except that the temp-
erature of the hot plate was approximately 120°c. The NaOH 
solution in the absorption tube evaporated at this temperature, 
but this was found not to noticeably affect the absorptive 
(co2 ) properties of the base (Maciolak, 1962). Using stan-
dard reducants (tartrate, oxalate, lactose, cellulose), 
Maciolek (1962) found that the accuracy of the method was 99% 
of the theoretical value. He·therefore assumed that the 
oxidation of natural organic matter is 95%.complete by this 
method. Based upon discussions with several chemists 
(Ferguson, 1966r Fox, 1967, Personal Communication), I estimate 
that oxidatior1 of natural organic matter in sediments is 85 
to 90% complete by this method. This range is in good agree-
ment with the estimate of 90%, by Schollenberger (Jackson, 
1958, p. 218-19), for wet oxidation by chromic acid. Multiple 
analyses of sedi.ment samples from Devils Lake indicate that 
the precision of the method for total carbon in± 2% of the 
mean value. Organic carbon is calculated as the difference 
·between total carbon and carbonate (inorganic) carbon. 
Total-nitrogen analysis.-Total-nitrogen analysis was 
performed on the solution remaining from the total-carbon 
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analysis. Organic nitrogen appears as an ammonium salt in 
,the dichromate oxidation reaction (maciolek, 1962, p. 30). 
The sample sol.utton containing the nitrogen was diluted to 
100 ml in a volumetric flask. A 50-ml aliquot was transferred 
to a Kjeldahl distiJ.lation flask along with 100 ml of dist-
illed and deionized water and some glass boiling beads. 
Fifty ml of 12N NaOH were added to the flask which was immed-
iately placed on the distillation apparatus, and 100 ml of 
ammonia-containing water was distilled into 50 ml of very 
, 
weakly acid indicating boric acid solution. The green dis-
tillate was titrated with O.OlN HCl to a wine red end point, 
and 'the volume of acid used to'calculate the amount of nitrogen 
in the sample. The macro-Kjeldahl distillation procedure was 
ess~ntially the same as that described in Jackson (1958, p. 
183-~190). .Z:....nalyses of ammonium tartrate by this procedure 
indicate that the accuracy of the method on this compound is 
99% of the theoretical value (Maciolek, 1962, p. 32). Multiple 
analyses of sediment samples from Devils Lake indicate that 
the precision of this method is! 5% of the mean value. 
Electro-chemical analysis of sediment 
Measurements of sediment pH, Eh, and ps-- were made 
within two hours after a section of core was extruded. 
Generally, 1-m sections of core were extruded and electro-
chemical me~surements made at 5-cm intervals. Approximately 
2 m of core were analyzed daily, and the electro-chemical 
analysis of core 110 was completed in three days. 
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£.!!.-Measurements of pH were made by inserting a Coleman 
-rugged glass electrode and a Beckman saturated calomel fiber 
reference electrode into the wet sediment. The electrodes 
were connected to a Beckman Zeromatic pH meter. Equilibrium 
was ge~erally established in less than one minute, after 
which the readings were taken. The general lack of meter 
drifing indicated that the sediment was well buffered. The 
glass-calomel electrode pair was standardized against Beckman 
pH 7.0 buffer before and after each series of approximately 
.. 
s·measurements. The readings are reproducible to f o.os pH 
unit and are corrected for temperature variation between the 
sediment and buffer solution. 
Eh.-The Eh (oxidation-reduction potential) was measured 
with a Beckman Zeromatic pH meter using a Beckman 1=billct-
type11 platinum electrode and a Beckman saturated ca.lomel fiber 
reference electrode. The electrodes v:are inserted into the 
freshly exposed sediment and left for 21. period of one minute 
before the circuit was activated. This procedure established 
some equilibrium between the sediment and the electrodes. 
After the circuit was activated, the potential rapidly shifted 
to an initial equilibrium value and then slowly drifted to 
a more negative value. The oxidation-reduction potential 
(Eh) of the sediment was taken as the initial equilibrium 
value and corrected to the standard hydrogen electrode by 
adding 245 mv to the meter reading. The platinum-calomel 
electrode pair was standardized against Zobell solution 
(Zobell, 1946) before and after each series of measurements. 
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The· platinum electrode was cleaned with abrasive after each 
series of measurements. Although the pH meter may be read 
to± 2 mv, the accuracy of the measurement is less. Duplicate 
Eh measuremen.ts on several sediment samples indicate a repa 
reducibility of± 12 mv. The measurements are sufficiently 
reliable to indicate highly oxidizing and reducing conditions, 
and the transition zone between them. 
2s-=.. -Measurements of pS-- (-log a 5 __ )_ were made by 
inserting a silver-silver sulfide'electrode and a Bsckman 
saturated calomel fiber reference electrode into the wet 
sediment .. The electrodes were connected to a Beckman Zeromatic 
pH meter. The silver-silver sulfide electrode was prepared 
from a Sargent silver electrode by immersing the silver metal 
in concentrated ammord.um sulfide solution· until an even 
· black layer of Ag2s formed. Prior to this, the crack at the 
junction between the metal and the glass was sealed with 
epoxy resin in order to avoid H2s contamination of the internal 
parts (Berner, 1963)., The potential of the silver-silver 
sulfide electrode, relative to the saturated calomel elec-
trode (Es.--cal.), was read from the pH meter one minute 
after electrode insertion. The calibration curve of Berner 
(1963} was used to estimate pS-- from the measured potentials. 
Although the electrode actually used for the measurements 
was not calibrated, the measurements are probably sufficiently 
reliable to indicate very high or low values for sulfide 
activity in the sediment. The.measurements of E8--cal. are 
reproducible to ! 5 mv. 
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Carbonate sat~metri measurements 
Saturometry measurements were made on water samples 
following the method of Weyl (1961). The change in pH of 
a solution, on addition of a solid carbonate mineral, is.an 
indicator of the degree of under- or supersaturation of the 
solution with respect to the particular carbonate mineral. 
An increase in pH indicates undersaturation, a decrease 
indicates supersaturation. 
The carbonate saturometry mepsurements consisted of: 
(1) immersion of glass and calornel electrodes into the water 
and measurement of initial pHr (2) removal and rinsing of 
electrode pairr (3) anchoring plastic cup filled with ground 
solid carbonate around pH-sensitive glass electroder (4) 
re-immersion of electrode pair into water,.. ( 5) recording pH 
chenge with time until equilibrium pH was obtained: (6) 
removal and rinsing of electrode pair: (7) standardization 
of electrode pair against buffer. 
The glass-calomel electrode pair was standardized 
against Beckman pH 7.0 buffer before and after each saturometer 
measurement. 
. . + 
The pH measurements are reproducible to - 0.02 
pH unit, and the glass-calon:iel electrode pair always standard-
ized within :t o. 05 pH unit (commonly i:' O. 02 pH unit) of the 
original standardization setting. A Heath-built pH record-
ing electrometer (Model Emv-301) ·was used for all carbonate 
saturometer measurements. 
sources of carbonate used for saturometry were reagent 
grade calcite (Baker Lot No. 25100), carbonate crust from the 
292 
rocks along east shore of Devils Lake containing aragonite 
·and disordered calcite, and dolomite from·near Sing Sing, 
New York·, Chemical analyses of the carbonate crust and the 
dolomite appear in Table 53. 
Min~ralogical analyses 
Selected samples from Devils Lake were examined by 
X-ray diffractometer. The samples used for bulk mineralogical 
analysis were placed in a Spex Mixer Mill and ground to a 
fine powder which passed through a 200 mesh screen. An un-
orien.ted mount was prepared by packing the powder into a 
holder by the end loaci.ing method. An initial X-ray trace of 
0. 0 
the powder was sca.nned from 2 to 55 at a speed of 2° 28 per 
minute to determine the bulk composition of 15 surface sediment 
and core samples. Over 50 other sediment samples from Devils 
Lake (including core, surface sediment, and sediment-water 
interface samples) were scanned from 25° to 35° at a speed of 
2° 20 per minute to determine their bulk carbonate mineralogy. 
Oriented slides of the clay fraction (less than 4 
microns} were prepared from water suspensions of each sample 
(11 samples). An aliquot of the water-clay suspension was 
pipetted into a beaker containing a porcelain tablet and 
several ml of bonding agent consisting of a dilute solution 
of water soluble glue. The samples v,ere dried at 35°c. 
Three X-ray diffraction traces were run on the oriented slide 
in the following order: (1) dried at 35°c, 2° to 320 2 e, 
(2) glycol treated, 2° to 14° 2e, and (3) heat treated at 
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sso0 c for one-half hour, 2° to 25° 2fl. All oriented slides 
were scanned at a sp,e~d of 20 26 per minute. 'l'he conditions 
of measurement used in the X-ray diffraction. analysis are 
presented in Table 52, as are the principal peak positions 
of the common minerals which ,vere found in the sediment 
samples. 
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TABLE 51 
ACCURi\CY A.~D PRECISION OF VA..R.IOUS METHODS 
USED IN THE CHEMICll;L ANALYSIS OF DEVILS LAKE WATER 
Analysis 
Gross water 
Chemistry 
calcium 
Magnesium 
Sodium 
Potassium 
caroonate 
Bicarbonate 
Chloride 
Sulfate 
Iron 
Silica 
Accuracy* 
+ mg/1 or 
- + 
- % 
+ 4 .. 0 mg/1 
-
14.0 
1.0 
0.4 
3,.0 
2.0 
5.0 
50 
1% 
1% 
Interstitial 
water chemistry 
Calcium 
Magnesium 
Alkalinity 
Chloride 
sulfate 
Absolute+ 
Precision 
~ mg/1 
+ e.e 
2.0 
o.oos 
0.0045 
1.0 
o. 6 
a.o 
30 
0.001 
0.10 
mg/1 
Relative+ 
Precision 
+ % of the 
reported value 
+ 1 
o.s 
o.s 
l 
l 
0.2 
1.5 
1 
3 
1 
l % 
1 
2 
2 
2 
% 
* From: Jl...PHA, 19601 11 Standard Methods Manual 11 • 
+ Calculated from replicate analyses of Devils Lake 
water .. 
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TABLE 52 
X-RAY DIFFRACTION A..~ALYSIS OF DEVILS LAKE SEDIMFNTS 
Conditions: 
Norelco X-ray diffractometer, with ma stabilizer, 
~oltage regulator. 
Cu ka radiation, Ni filter, kv=45, ma=l8 
Silt system: 1°-0.00611 -1°1 time constant= 1 sec • 
0 .. 
Mineral Peak (A) Peak c0 20) Peak (hkl) 
A!'agonite 3.40 26.2 111 
Calcite 3.04 29.4 104 
Disordered Calcite 2.996 29.8 104 
Dolomite 2.89 30.9 104 
Plag·ioclase Feldspar 3.20 28.0 040 
Potassic Feldspar 3.24 27.5 220 
Quartz 3.34 26.6 101 
'l'otal Clays 4.40 19.9 001 
Kaolinite 7 12.5 001 
Illite 10 8.9 001 
Montmorillonite 17 s.s 001 
Mixed-Layer Clay 17 s.s 001 
Heated 10 8.9 001 
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1100-200 mg Sample! 
25 ml 11'1 HCl 
. co2 absorbed in NaOH 
Na2C03 + BaCl2 - Baco3 
BaC03 + HCL - (titration) 
- CO2 
Calculate co~ in sample 
100 ml • lN ECl 
Boi,,l 
Dilute to 100 ml 
....--------i: Solution A ,1-----·-----. 
I 
I 20 mll 
10 ml aliquot 
pH 12 
Solution 
15 mll 
pH 3 buffer 
Phenanthroline 
L 10 mll 
pH4-5 
Cal Red 
Titrate ca:-, 
w:tth Na2 E~ 
10 ml aliquot 
pH 10 solution 
Eriochrome 
Black T 
Titrate Mg 
with Na2 ED'l'A 
Read Fe 
510 mu 
Phosphate 
10 ml benzene-
Isobt1tanol 
Arn. Molybdate 
solution 
Extract for/ 
15 sec. 
extract 
20 ml acid-
ified 
methanol 
• 5 ml stannous 
chloride 
Read Po4 625 mu 
after 15 minutes 
Figure 47. Flow sheet for inorganic semimicro che.mical 
analysis of sediment 
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'l'A3LE 53 
CHEMICAL .AlL'-l..LYSBS OF CA.:11.BOi:L'I\TE .MINERP.,LS 
USED FOR C.ARBCNATE GA'l'UROME'l'RY MEJ:.~SUREMENTS 
.. 
-
Carbonate crust 
Reagent on rocks along Dolomite from 
Constituent grade shore of Devils Sing Sing; 
calcite Lake New York 
--
~ 
Ca 39.80 % 35.25% 21.20% 
Mg .0006 .35 11.27 
Fe .ooos .11 .10 
co 59.60 52.QO 61.20 
Na3+ K .01 N.A. N.A. 
Total 99.4111% 88. 51~-~ 93.77% 
, 
APPENDIX II 
SUPPLEMENTARY PHYSICAL ~..N"D CHEMICAL DATA ON 
DEVILS LAKE SEDH1ENTS 
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Sample 
number 
1 
3 
6 
10 
11 
12 
15 
17 
18 
21 
24 
31 
36 
39 
40 
41 
45 
so 
57 
67 
68 
69 
72 
73 
76 
77 
86 
87 
88 
89 
95 
96 
CBl 
CB3 
CB4 
CB6 
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TABLE 54 
PHYSICAL AND CHEMICAL DATA FOR DEVILS Ll\..J<E 
SURF'/1.,CE SRD!NENT S.l>1'4PLES 
water 
depth (m) % Sand % Silt % Clay Median 
3.1 5 .. 9 59.2 34.9 6.1 
3.3 2.0 44.,3 53.7 8.4 
3.4 2.4 42.,0 55.6 9.0 
3.2 7.9 42.6 49.5 7. () 
3.0 2.2 48.5 49.3 7.9 
2.8 7.2 46.8 46.0 7.5 
o.7 87.5 12.5 
, 
3.0 
0.2 23.3 59.4 17.3 4.8 
1.0 99.8 0~2 2.3 
3.3 3.0 46.0 51.0 8.4 
3.5 3.4 46.5 50.l 7.9 
3.2 1.7 57.l 41.2 7.0 
3.4 3.3 41.4 55.3 8.5 
1.0 3.5 64.8 31.7 5.9 
2.6 11.1 57.3 31.6 6.1 
3.1 10.2 49.5 40.3 7.4 
3.2 9.1 72.2 18.7 4.8 
3.3 2.6 40.4 57.0 8.9 
3.1 1.3 47.2 51.5 8.3 
2.·1 18.0 46.8 35.2 6.0 
3.1 15.1 43.2 41.7 - 6. 7 
3.2 3.0 45.8 51.2 8.1 
0.9 100.0 1.9 
2.7 33.1 63.4 3.5 4.2 
0.6 100.0 2.1 
l.8 99.7 o.3 2.5 
0.8 99.6 0.4 1.5 
2.,8 16. 2 46.l 37.7 6 .. 4 
0.7 100.0 2.1 
2.7 16.0 60.2 23.8 4.9 
1.1 99.3 0.7 2.6 
2.2 13.7 76.6 9.7 .4. 6 
1.1 1.5 45.5 53.0 8.5 
1.7 3.0 39.7 57.3 8.9 
2.5 3.6 61.4 35.0 6.8 
3.2 10.0 54.6 35.4 5.9 
(¢) 
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TABLE 54 --continued 
----
--
----... 
~ 
·-
Sortj_ng 
% co= 
% Organic % Total 
(¢) % ca % Mg % Fe Carbon Nitrogen 3 
3.05 5.3 3.0 1.2 9.1 3.55 0.58 
2.,80 3.0 3.6 1.7 10.4 5.58 0.11 
2.75 6.5 3.8 1.5 10.8 5.03 0.10 
3.05 10.4 
2.70 5.2 3.1 1.4 9.9 5.15 o. 62 
2.85 3.7 3.1 1.3 B.8 4. 68 0.60 
0.76 2.4 1.0 o.5 '4.8 0.35 0.05 
2.54 5.3 1.7 o.a 11.5 0.66 0.04 
o.41 
2.85 5.9 3.6 1.6 9.5 5.26 0.66 
2 .. 65 5.9 4.1 1.7 11.7 5.13 0.11 
2.95 s.a 3.6 1.6 12.1 5.39 o.6s 
2.65 6.2 3.2 1.9 11.7 6.08 o.73 
2.so 
2.90 
3.05 6.0 3.1 1.6 11.9 4.87 o. 63 
2.31 3.4 l.4 0.7 6.6 2.09 o.24 
2.65 6.5 2.9 1.7 11.0 6.18 0.73 
2.65 6 .. 1 3.5 1.9 ·10.a s. 76 o.69 
3.25 4.5 2.6 1.5 9.3 5.29 a.so 
3.20 5 .. 7 3.6 1.7 11.4 5.87 0,.68 
2.65 7.0 4.2 1.4 14.0 5.16 o. 61 
o. 51 
o.52 
0.37 
o.56 
0.97 
3.25 
0.47 
2.60 
0.40 
0.87 2.7 o.9 o.6 5.7 1.00 0.13 
2.65 
2.so. 
2.40 
3.20 
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TABLE 55 
PHYSICAL AND CHEMICAL DATA FOR DEVILS LAKE CORE 110 
Interval, % % % % Sorting 
cm Moisture sand Silt Clay Md (¢) (¢) 
0-20 73.4 13.5 42.2 44.3 7.1 3.24 
20-53 73.9 0.9 36.1 63.0 9.7 2.58 
53-81 71.3 4.7 42.6 52.7 8.4 3.12 
81-123 70.5 1.5 36.4 62.1 9.6 2.58 
123-148 72.l 1.6 32.7 65.7 9.2 2.55 
148-183 72.6 1.8 28.8 69.4 9.9 2.40 
183-216 66.2 1.1 33.3 65.6 9.7 2.45 
216-242 67.7 2.3 42.l '55.6 8,.7 2. 60 
242-275 69.2 o.s 37.4 63.B 9.7 2.50 
275-303 70.2 1.5 32.5 66.0 9.8 2.40 
303-325 64.6 o.s 35.4 63.8 9.3 2 .. 45 
325-370 64c4 o.9 31.5 67. 6 9.4 2.25 
370-395 61. 2 0.1 40.0 59.3 B.B 2.50 
395-417 62.5 3.2 36.5 60.3 9.1 2. 60 
417-464 59.6 2.7 41. 7 55.6 9.0 2.60 
464-487 59.3 2.5 40.2 57.3 8.8 2.60 
487-519 56.2 0.9 41.7 57 .4 8.6 2.41 
519-551 54.8 1.4 41.1 57. 5 8.6 2. 51 
551-581 54.8 1.8 37.3 60.9 9.0 2.35 
581-609 41.1 1.7 44.9 53.4 B.3 2.50 
609-646 34.8 3.3 40.0 56.7 8.6 2.45 
646-681 27.3 4.3 43.7 51. 9 8.1 2.47 
.,. 
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TABLE 55 --cont.i.nued 
-
--
-
% Organic % Total 
% Ca % Mg . % Fe % co-3 Carbon Nitrogen % P-P04 
7.2 3.,2 1.5 13.8 4.83 0.46 0.29 
6.7 2.8 1.6 12.8 4.49 o.57 o .. 21 
6.2 2.9 1.8 12.6 4.28 0.44 0.21 
7.8 2.3 1.5 13 .. 8 4.42 0.36 0.16 
8.,8 2.7 1.6 15 .. 3 5.25 0.39 0.17 
8.3 2.8 1.7 15.l 5.08 0.35 0.19 
8.4 2.4 1.7 14.4 4.69 o.33 0.20 
9.6 2.s 1.6 15. 9 4'. 54 0.38 0.19 
8 .. 9 2.5 1.6 14.9 4.64 0.45 0.19 
8.4 3.2 1.6 14.4 4.14 0.38 0.19 
s.s 2.5 1.6 15.0 4.33 0.37 0.17 
8.3 2.6 1.7 14. 5 4.11 0.30 0 .. 21 
7.9 2.2 l.. 6 15.8 4.56 0.33 0.22 
8.7 2.5 1.5 15.0 3.20 0.27 0.21 
a.o 2.3 1.7 14. 5 3.19 0.22 0.20 
9.0 2.0 1.6 15.3 2. 67 0.27 0.20 
7.7 2.2 1.8 13.8 2.18 o. 21. 0.21 
8.4 2.3 1.5 15.2 2.11 0.21 0.20 
7.7 2.0 1.6 13.2 2.33 0.24 . 0.20 
6.7 2.1 1.7 12.1 1.56 0.1a 0.19 
5.8 2 .. 0 1.8 11.3 0.10 o.o9 0.1s 
5.4 2.1 1.7 11.3 0.48 0.09 0.23 
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TABLE 56 
. PHYSICAL 1'..ND CHEMICAL DATA FOR DEVILS LAKE CORE 120 
Moistµ.re Sand Silt Clay Median Sorting 
Depth (cm). % % % % ¢ (¢) 
0-22 70.7 5.2 50.3 44.5 7.4 2.75 
22-49 70.5 1.4 40.5 58.1 9.1 2.60 
49-85 70.5 1.6 39.5 58.9 9.0 2. 60 
86-119 71.2 0,.5 41.0 58.5 9.1 2.52 
· 119-151 72.4 o.s 38.9 60. 5 9.1 2 .. 35 
151-186 60.0 0.4 42.4 57.2 8.8 2.60 
186-217 65.2 3.9 46.4 49:7 7.9 2.80 
2]. 7-241 62.2 o .. 8 40.0 59.2 9 .. 1 2.68 
241-267 60.7 1.8 46.8 51. 4 8.1 2.67 
26'/-295 62 .. 4 1.2 46.7 52.1 B.3 2.59 
295-327 61.4 1.5 43.5 55.0 8.6 2,.60 
327-364 54.3 2.0 46.5 51.5 8.1 2.35 
364-394 58.4 1.2 47.2 51. 6 8,.2 2.71 
394-424 53.4 4.4 49.6 46.0 7.7 2.65 
424-464 51.5 2.1 51.7 46.2 7.6 2.67 
46.rl.-487 51.3 2.3 49.2 48.5 7.8 2.77 
487-526 47.8 0.6 47.B 51. 6 s.1 2.60 
526-553 47.7 3.2 48.4 48.4 7.9 2.67 
553-583 42.3 2.1 53.9 44.0 7.4 2.76 
583-615 43.3 0.5 51.B 47.7 7.7 2.os 
615-651 25.5 s.o 41.3 53.7 B.4 2.77 
651-675 27.l 4.9 35.0 60.1 8.8 2.75 
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TABLE 56 --continued 
-
-
% co3= 
% Organic % Total 
% ca % Mg % Fe Carbon Nitrogen % P-PO 4 
6.7 2.8 1.5 11.4 5.26 o. 67 0.17 
7.2 2.9 1.8 11.0 4.21 0.,45 0.13 
5.9 3.3 1.s 10.3 3.78 0.39 0.12 
7.9 2.3 1.6 12 .. 6 4.02 0.39 0.12 
7.2 2.7 1.8 12.1 3.72 0.,36 0.14 
7.5 2.6 1.7 13.0 4.00 0.35 0.10 
7.6 2.6 1.5 12.3 3.34 0.31 0.11 
7.7 2.s 1.7 12.8 2. 63 0.24 0.12 
6.8 2., 5 1 .. 7 11.8 '3,.38 o.31 0.10 
8 .. 6 2.4 1.5 13.8 4.23 o.36 0.13 
8.4 2.4 1.s 14.3 3.26 0.2s 0.11 
7.6 2.1 1 .. 5 13.0 2.64 0.,23 0.10 
6.9 2.s 1.4 12.2 2.69 0.25 0.12 
7.5 2.4 1.5 12.7 3.10 0.29 0.13 
7.3 2.4 1.s 12.B 2.,16 0.21 0.13 
7.5 2.4 1.5 12.9 2 .. 64 0.23 0.12 
5.9 2.2 1.6 10.s 2.00 0,.18 0.10 
6.9 2.2 1 .. 5 12.7 2.30 0.20 0.,09 
s.s 2.4 1.6 11.0 2.17 o.19 0.10 
5.7 2.1 1.5 10.2 1.93 0.18 0.09 
5.6 2.4 1.4 10.8 o.73 0.06 0.,08 
4.9 2.1 1.3 9.6 0.66 0.01 0.01 
--
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TABLE 57 
PHYSICAL A.."JD CffE1.'1ICAL DATA FOR DEVILS LARE CORE 125 
-·-·--
Moisture Sand Silt Clay Median 
Depth (cm) % % % % ¢ 
0-25 70.7 8.6 52.6 38.8 6.7 
25-42 57.8 4.3 44.9 50.8 8.0 
42-71 56.9 2.8 47.3 49c9 8.0 
71-107 68.6 3.5 43.9 52.6 8.4 
107-145 62.9 3. 6 45.3 51.1 8.1 
145-17 5 57.4 4.4 45.8 49.8 8.0 
175-208 63. 5 8.8 35, 9 53.3 8.5 
208-240 61.8 3.2 35.2 61. 6 9.4 
240-272 56.7 3.0 45.8 51.2 8.2 
272-309 54.3 4.2 43.3 52.5 8.3 
309-339 57.2 8.1 41.1 50.2 8-.l 
339-372 61.0 5.2 37.7 57.l 9.0 
372--401 52.8 s.2 44.8 so.o 8.0 
401--43 6 55.4 3.5 36.2 60.3 9.1 
436-466 46.2 2.2 43.1 54.7 8.4 
466-495 46.0 3.9 41. 2 54.9 8.5 
495-525 47.3 12.1 40.1 47.8 7.7 
525-553 48.4 8.7 39.4 SJ.. 9 8.3 
553-585 42.3 5.1 49.6 45.3 7.4 
585-619 40.7 5.5 49.6 44.9 7 .. 4 
619-649 37 .. 4 4.2 55.4 40.4 1.0 
649-581 38.9 7.7 56.1 36.2 6. 7 
681--713 40 .. 8 6. 6 54.4 39.0 6.8 
713-739 38.0 24 .. 3 43.8 31.9 5.9 
739-741 18.4 88.8 11.2 2.3 
--- ··--··· 
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TABLE 57 --continued 
-~ 
--
Sorting % Organic % Total 
(¢) % Ca % Mg % Fe % co~ Carbon Nitrogen 
3.07 6.1 2.9 l. 5 10.9 5.59 0.69 
2.65 6.6 2.9 1.7 13.2 4.31 0.49 
2 .. 61 5 .. 4 2.4 1.5 11.1 3.78 0.37 
2.98 7.5 3.1 1.8 14.3 3.60 0.38 
2.78 6.5 2.7 1.7 13.1 3.38 0.35 
2.74 6.9 2.5 1.7 14 .. 3 3.22 0.31 
3.11 7.7 3.0 1 .. 3 11.8 3.78 0.34 
2.73 8.6 2 .. 6 1.7 l:3.8 3.98 o.41 
2.90 6.9 2.6 1.7 12.7 2.39 0.2s 
2.78 7.,0 2.5 1.5 13.1 3. 53 o.32 
3.03 e~., 2.9 J.. 5 14.2 4.18 0.37 
2.85 7.9 3.1 1.7 13.9 3.63 0 .. 35 
2.12 6.7 2.5 1.7 13.5 2.76 o.3o 
2.67 7.9 2.7 1.7 14.4 2.95 0.32 
2.69 8.2 2.1 1.7 14.7 1.72 0.20 
2.59 6.3 2.2 1.8 15.,9 1.49 o.24 
3.13 7.7 2.5 1.6 14.3 2.77 0.30 
3.09 9.1 2.2 1.5 15.8 2.42 0.25 
3.01 7.1 2.1 1.7 12.3 1.81 o .. 24 
2.93 5 .. 9 2.3 1.7 10.9 1.36 0.16 
2.91 5.2 2.4 1.8 10.6 1.32 0 .. 18 
2.96 6.0 2.3 1 .. 7 11.s 1.76 0.20 
3.02 6.7 2.4 1.6 12.2 1.65 0.17 
3.32 7.3 2 .. 1 1.s 12 .. 8 2.27 0.23 
o.63 3.,0 1.4 o.s 5.6 0.63 0.10 
-
.. 
TABLE 58 
CHEMICAL DATA FOR MISCELLANEOUS DEVILS LA.~E SURFACE SEDIMENT SAMPLES: AND 
S1.J1PLES OF GLACIAL TILL 1\I.'10 PIERRE SHA.!~E ADJACENT TO DEVILS LAKE 
sample water % organic % total 
number depth (m) % Ca % Mg % Fe % P-Po4 % C03 carbon nitrogen 
Devils Lake surface Sediment S;::unples 
19 3.2 5.1 2.9 1.8 10.0 4.41 a.so 
28 1.7 3.8 1.5 1.2 8.0 o.34 c.02 
53 3.3 5.,6 3.6 1.s 11.7 4 .. 89 0.60 
58 3.2 5.8 3.4 1.,8 11.3 5.06 o. 61 
92 o.a 3.2 1.6 1.5 7.7 0.46 0 .. 04 
97 0.06 4.1 1.6 o.9 9.5 0.94 o.os 
100 0.04 4.3 1.8 2.1 9.4 o. 57 0.05 
Glacial Till samples ' 
12 11.9 2.5 1.4 18.2 
47 9. 5 1.4 1.8 16. 6 
74 9.1 1.2 1.8 s.2 
75 5.3 1.7 1.2 8.0 
76 5.3 3.6 1.1 0.19 13.8 
78 6.2 1.7 1.0 0.16 10.6 
80 4.6 1.3 0.1 0.13 s.o 
82 4.4 2.1 1.4 0.20 7.6 
Pierre Shale Samples 
weathered 1.4 0.6 1.2 0.04 0.4 
unweathered 1.6 0.7 0.9 0 .. 04 2.3 
w 
0 
....J 
APPEMDIX III 
FACTOR ANALYSIS 
Theory 
For many years, psychologists and social scientists 
have used factor analysis to determine similarities between 
many groups of observational data.' Only recently have 
geologists and geographers applied this statistical technique 
to petrology, geochemistry, sedimentology, stratigraphy, and 
geomorphology. 
The objective of factor analysis is to simplify obser~-
vational data by determining the smallest number of variables 
from a CO!tlplex of variables (10, 50, 100, etc.) that determine 
the variance in the data. These fundamental variables at·e 
termed 11 factors 11 • Krumbein and Graybill (1965, p. 375) have 
outlined the various ba.sic steps in factor analysis: 
Cl) Compile the data matrix. 
(2) Compute the sample correlation coefficient matrix. 
(3) Compute the eigenvalues and decide upon the 
number of factors that account for most of the variance in 
the data. 
(4) Compute the 11 initial-factor matrix 11 for as many 
factors as are decided upon in step 3. 
( 5) Compute the 11 rotated-factor matrix 11, and assign 
substantive interpretations to the factors. 
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Raw data cannot be analyzed directly by factor analysis. 
· It is necessary to compute coeff5.cient.s that express the 
degree of similarity between different pairs of variables. 
Normally this is done by computing the product-moment corr-
elation coeff:tcient using the following 
This is the linear correlation, and the 
formula: r= £x y • 
"'{(:i:.x:l.) (~ yl} 
coefficient may vary 
between -1 and +l. Plus 1 indicates complete correlation, 
-1 indicates complete inverse correlation, and O indicates 
complete dissociation or no correlption. 
When the number of variables becomes large, the number 
of correlation coefficients becomes very large, and it is 
difficult to see similarities between variables. It is here 
that factor analysis is useful, because often j.t will simplify 
the relations in a correlation coefficient matrix. The 
degree of similarity between variables can be represented by 
vectors. If three variables are involved, one may think of 
three vectors emanating from a common origin. The cosine 
of each angle is equal. to the coefficient represented. r.•i'hen 
more than three variables are involved, space of more than 
three dimensions (hyperspace) is needed to represent correct-
ly the angular relationships between all pairs of vectors 
(Harbaugh and Demirmen, 1964, p. 15). It is possible to sim-
plify the relationships between vectors by projecting the 
vectoral lines onto arbitrarily oriented new axes, "factor 
· axes 11 ... If the factor axe~ are of unit length, as measured 
from the origin, then the value (te1med 11 loading 11 ) of any 
projection on these axes must be between -1 and +1. Normal!~ 
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the facto::: loadings do not represent. completely the relation-
ships in a correlation coefficieri.t matrix. This degree of 
representation is measured by the communality, which is de-
fined as the sum of the squared factor loadings for each 
variable (Harbaugh and Demirmen1 1964, p. 18). A communality 
of 1. O signifies complete representatj.on but is rarely 
attained in data from 11 natural 11 populat:tons. 
Methods of Factor Analysis 
; 
There are tv!C> common methods of fact.or analysis~ the 
principal axis method and the centroid method. The cent.roia 
method was used in factor analysis of the Devils Lake data. 
The factor axes are positioned so that the first factor 
accounts for as much of the variance in the data r.1.s possible. 
Each successive factor axis is positioned so t~'1at it accounts 
for as much of the remaining variance as possil;le (Harbaugh 
and Demirmen, 1964, p. 19). After the factor axes are all 
"extracted", they are ;-otated so that the value of each 
loading tends to approace -1, O, or +1. The most common 
method of rotation is varimax, which was used in factor anal-
ysis of the Devils Lake data. Only the relationships between 
analytical variables 1 measured on Devils Lake sediment 
samples (R-factor analysis), were examined in this investiga-
tion, because re·1ationshi9s between core samples were easily 
delineated by visual examination·of Figure 28. 
In interpreting results, the fir$t rotated factor is 
the most significant. The statistical significance of 
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rotated factors decreases as each .successive factor is ex-
_tra~ted, and the last extracted factor is.the least sign-
ificant (Harbaugh and Demirmen, 1964, p. 21). The number of 
factors extracted from each set of Devils Lake data depended 
upon how many were needed to account for 95% of the variance 
.in the data. ·rhis is accomplished by computing the eigen-
values (characteristic roots) of the correlation coefficient 
matrix, and determining the numbar of nonzero eig-envalues that 
cumulated to 95% (Krumbein and Graybill, 1965, p. 373). 
" The number of significant (95%) factors are then 
extracted by centroid factor analysis, and these factors are 
rotated by t'he varimax method (Krumbein and Graybill, 1965, 
p. 400). The resultant rotated-factor matrix is perused for 
large positive or negative values (factor lo<:td:i.ngs). Rel a ti v-
ely high positive factor loadings indicate a re3ction group 
that is closely related to the positive end cf the factor 
axis: factor loadings near zero represent variables that are 
independent of the axis: ~nd relatively high negati,,e factor 
loadings indicate a reaction group strongly related to the 
negative end of the factor axis but strongly unrelated to the 
positive end of the axis (Osborne, 1967, p. 650). Substan-
tive interpretation ofwlich factor is based upon the relation-
ships between variubles with similar loadings. The inves-
tigator must askj ( 1) ~...,bat. natural process controls the 
association of several variables, and (2) what natural process 
would account for the :nutual exclusion of va.r'ia:blcs with high 
positive and high negative factor loadings? If these 
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questions can be answered, a reasonable interpretation of 
the data can usually be made. This approach has been used 
in factor analysis of Devils Lake physical, chemical, and 
mineralogical data, and appeared to bf! successful in delin--
eating major depositio11al and diagenetic processes. 
